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INTRODUCTION  
 
 
1.1 General features of sulfines 
 
For almost three decades the Department of Organic Chemistry of the University of 
Nijmegen has been actively engaged in the chemistry of sulfines (thione S-oxides).[1-17] The S-
monoxides of thiocarbonyl compounds, which nowadays are called sulfines, are sulfur-
centered heterocumulenes with the general structure formula R1R2C=S=O. The name sulfine 
was proposed by Sheppard and Dieckmann[18] to indicate the structural relationship with 
thiocarbonyl S,S-dioxides, which are known as sulfenes[19] (Figure 1.1). 
 
R1 R2
S
O
R1 R2
S
OO
sulfine sulfene  
Figure 1.1 
 
Formally, sulfines can be considered as derivatives of sulfur dioxide in which one oxygen is 
replaced by a carbon atom. Therefore, sulfines were expected to have a nonlinear structure 
(Figure 1.1). This is in accordance with Walsh's rules,[20] which state that molecules X-Y-Z are 
nonlinear if they contain 18 valence electrons. The nonlinearity was established for several 
sulfines by dipole moment measurements,[21] 1H-NMR spectral analyses,21c,22] microwave 
spectroscopy[23] and X-ray diffraction analyses.[24] As a consequence of their nonlinear 
structure, unsymmetrically substituted sulfines (R1≠R2) can exist as two geometrical isomers. 
Several examples of stable geometrical isomers of sulfines have been reported.[2] Molecular 
orbital calculations of the geometries and electronic structure of sulfines, especially of the 
parent system, have been performed on several levels of sophistication. Calculation of the 
electronic charge distribution of the parent sulfine and mono- an dihalogen substituted 
sulfines showed rather constant charges on sulfur and oxygen, whereas the charge on carbon 
was strongly influenced by the nature of the substituents.[25] This observation was reflected in 
the chemical behavior of differently substituted sulfines.[2] Also the stability of sulfines is 
predominantly determined by the nature of the substituents R1 and R2. Aromatically 
 substituted sulfines are usually more stable than their aliphatic counterparts. A heteroatom 
at the sulfine carbon atom usually is beneficial for the thermal stability of sulfines, e.g. Cl, S, 
SO, SO2, P(O)(OEt)2 and HNR (not O). Sterically demanding substituents also have a 
stabilizing effect. 
 
An example of a naturally occurring sulfine is ethylsulfine which is the principal 
lachrymatory factor in freshly cut onions.[26] This simple sulfine is released during disruption 
of the cells of Allium species by action of the enzyme Allinase on trans-(+)-S-(1-propenyl)-L-
cysteine S-oxide. During this process initially formed 1-propenylsulfenic acid tautomerizes to 
a mixture of Z- and E-ethylsulfine, as depicted in Scheme 1.1. 
 
S
O NH2
CO2H
NH2
CO2H
S
O
H
S
O
H
+ S
O
H
Allinase
E (5%)Z (95%)  
Scheme 1.1 
 
N,N-Diethyldithiocarbamate methyl ester thiono-S-oxide (DDTC-Me sulfine) has been 
identified as a possible metabolite of disulfiram.[27] Disulfiram, which is used as ethanol 
deterrent in the treatment of alcohol abuse, is metabolized through a series of intermediates, 
ultimately forming DETC-Me sulfoxide, the putative metabolite responsible for the inhibition 
of ALDH2, which is a highly efficient enzyme that catalyzes the oxidation of acetaldehyde 
formed during oxidation of ingested alcohol (Scheme 1.2).[27b] DDTC-Me sulfine itself was 
found to inhibit ALDH2 in vitro but not in vivo.[27b] 
 
Et2N SH
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S
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Et2N SMe
O
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Et2N S
S
S
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DDTC-Me sulfine
DETC-Me sulfoxide
 
Scheme 1.2 
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 1.2 Synthesis of sulfines 
 
Attempts to prepare sulfines were already recorded by Staudinger[28] in 1916. However, the 
first stable sulfine was prepared by Wedekind, Schenck and Strüsser[29] in 1923 by treating 
camphor-10-sulfonyl chloride with pyridine or triethylamine (Scheme 1.3).  
 
CH2SO2ClO pyridine
or Et3N
O Cl
S
O
 
Scheme 1.3 
 
The suggested structure of this chloro sulfine was confirmed about forty years later by King 
and Durst[30] using spectroscopic methods and in 1986 by X-ray diffraction analysis.[24h] 
During the past thirty years several other and more logical methods have been developed for 
the synthesis of a large variety of sulfines.[2] The three most important approaches will be 
briefly discussed below. 
 
Oxidation of thiocarbonyl compounds 
By far the most versatile method for the preparation of sulfines is the (chemoselective) 
oxidation of thiocarbonyl compounds (Scheme 1.4).  
 
R1 R2
S
O
R1 R2
S
O
R1 R2
S
+
[ox]
 
Scheme 1.4 
 
The first examples date back to 1938 when Kitamura[31] described the oxidation of thioamides 
with hydrogen peroxide to give thioamide S-oxides to which this author incorrectly assigned 
the imino sulfenic acid structure [RC(=NH)SOH]. In the early days of sulfine chemistry the 
oxidation route did not seem to be a general method for e.g. diarylsulfines in view of the 
discouraging remarks in the literature that on oxidation of thioketones only ketones were 
obtained. Since the early sixties a large variety of thiocarbonyl compounds has been 
converted into the corresponding S-oxides, including aromatic thiones,[32] non-enethiolizable 
aliphatic thiones,[33] α,β-unsaturated thiones,[34] thioamides,[35] thioacyl chlorides,[36,68a] 
thiophosgene,[37] thioacyl silanes,[38] thiono esters,[39] dithiocarboxylic esters,[21c,40,41e] 
trithiocarbonates,[41] xanthates,[42] trithioperesters[43] and 1,2-dithietes.[44] For most 
substrates peroxycarboxylic acids are the oxidizing agents of choice, but for thioamides 
hydrogen peroxide is favored. In some special cases ozone[45] and singlet oxygen[46] could be 
 11
 used. Also (camphorsulfonyl)oxaziridine,[47] dimethyl dioxirane[16,48] and hydrogen peroxide 
in the presence of a catalytical amount of methyltrioxorhenium[54] have been successfully 
applied in the preparation of sulfines from thiocarbonyl compounds. 
 
Alkylidenation of sulfur dioxide 
An intriguing approach to the synthesis of sulfines consists of the formal replacement of one 
oxygen atom in sulfur dioxide by an alkylidene group. This method, which was developed in 
the late seventies at the University of Nijmegen by Van der Leij,[9,49] involves a modification 
of the Peterson olefenation reaction,[50] viz. the alkylidenation of sulfur dioxide using α-silyl 
carbanions (Scheme 1.5). It is an excellent and fairly general method for the synthesis of 
sulfines. Most importantly, sulfines can be prepared that are not accessible via the oxidation 
route because the required thiocarbonyl compounds are not available. 
 
R
SiMe3
B
Nu
e.g. R'Li
-
R
SiMe3Nu
-
SO2
R1
SiMe3
S
O O
Nu
-
R
S
O
Nu
R1 R2
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OR1
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SiMe3
R1
R2
1. base
2. Me3SiCl
1. base
2. SO2
R2
R1
SiMe3
S
O O-
A
(E+Z)
-Me3SiO
-
-Me3SiO
-
 
Scheme 1.5 
 
The required α-silyl carbanions can easily be prepared by silylation of readily available 
active methylene compounds (Scheme 1.5A) or, alternatively, by β-addition of appropriate 
nucleophiles to suitable vinylsilanes (Scheme 1.5B). 
 
1,2-Dehydrochlorination of sulfinyl chlorides 
The elimination of hydrogen chloride from sulfinyl chlorides bearing an α-hydrogen atom is 
one of the first methods used to prepare stable sulfines[18,51] and has successfully been 
employed in the synthesis of especially aliphatic sulfines[18,26b,26c,52,53] (Scheme 1.6). 
 
R1 = R2 = Me [ref. 18]; R1 = R2 = t-Bu [ref. 52]
R1 = H, R2 = Me, Et, i-Pr, t-Bu [ref. 26c] 
R1 = Me, R2 = Cl [ref. 53]R1 R2
S
O
R1 R2
S
OCl
H
Et3N
-HCl
 
Scheme 1.6 
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 It is of interest to note that the lachromatory factor in onions, ethylsulfine (vide supra), has 
been synthesized in this manner.[26b,c] The parent sulfine, however, could not be obtained 
from methanesulfinyl chloride upon treatment with triethylamine.[55]  
 
A major disadvantage of this method is that the required sulfinyl chlorides are often difficult 
to prepare. However, in the eighties it was found by Lenz[11,56] and independently by Still et 
al.[57] that a wide range of appropriate sulfinyl chlorides could be generated in situ upon 
reaction of doubly activated methylene compounds, silyl enol ethers or silyl ketene acetals 
with thionyl chloride. These unstable sulfinyl chlorides underwent 1,2-dehychlorination, 
either spontaneously or under influence of base, affording α-oxo sulfines (Scheme 1.7). Due 
to their suspected sensitivity toward reductive hydrolysis (vide infra), these α-oxo sulfines 
were usually trapped in situ in a Diels-Alder reaction with 1,3-butadienes, affording 3,6-
dihydro-2H-thiopyran S-oxides (Scheme 1.7). 
 
R2
R1
O
R2
R1
OSiMe3
R2
R1
O
S
O
R2
R1
O
S
O Cl
H
 
S
O
O
R2
R1
SOCl2
1. base
2. Me3SiCl
base
X
X
 
Scheme 1.7 
 
The reaction conditions were optimized and the scope of this reaction was broadened by 
Rewinkel[12,58] and later by De Laet.[15] Since α-oxo sulfines are the key-compounds in this 
thesis, the chemistry of this special class of sulfines will be extensively discussed in Chapter 
2.  
 
More recently, some modifications of the 1,2-dehydrochlorination method have been 
reported. Braverman et al. accomplished the 1,2-elimination of chloroform from allylic and 
benzylic trichloromethyl sulfoxides in the presence of triethylamine to give thioaldehyde S-
oxides.[59] Capozzi and co-workers reported the generation and trapping of α-oxo 
thioaldehyde S-oxides by a base-induced elimination of phthalimide from oxo-
thiophthalimide S-oxides.[60] In another modification α-oxo sulfines were obtained by 1,2-
dehydrosilyloxylation of β-oxo trimethylsilyl sulfinates.[16] The latter two modifications will 
be discussed in more detail in Section 2.1.  
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 1.3 Reactions of sulfines 
 
The reactivity and chemical behavior of sulfines has been extensively studied and has been 
the subject of several literature reviews.[2-5] A selection of reactions, which are relevant for the 
chemistry of sulfines discussed in this thesis, is presented in this Section. 
 
A characteristic behavior of many types of sulfines is the loss of elemental sulfur to give 
ketones under thermal and especially photolytic conditions (Scheme 1.8).[2] 
 
R1 R2
S
O
R1 R2
S
O
R1 R2
S O
R1 R2
O
+ S
hν or ∆
 
Scheme 1.8 
 
Photodesulfurization in dilute solution and thermal desulfuration in an argon atmosphere 
was shown to take place via an oxathiirane intermediate.[61,62] Sulfines can undergo 
geometrical isomerization on heating,[21a,b] exposure to irradiation,[61] by electrochemical 
means,[63] or upon treatment with tertiary amines[64] (Scheme 1.8; see also Scheme 2.18). 
 
The hydrolysis of sulfines depends on the nature of the substituents.[2-5] Ordinary sulfines 
undergo acid-catalyzed hydrolysis to the corresponding ketones[65] (Scheme 1.9A). The attack 
of water is facilitated by initial protonation of the sulfine oxygen. In contrast, sulfines 
substituted with a strong electron-withdrawing group (EWG), e.g. α-oxo sulfines, undergo a 
reductive hydrolysis to the corresponding methylene compound and sulfur dioxide (Scheme 
1.9B).[12,15,49,56,66] 
R1 R2
S
O
R1 R2
OH S-OH
R1 R2
O
+ [HSOH]
R1 R2
S
OH+
H2OH
+
-H+ -H
+A
[HSOH] = H2O, H2S, S, SO2, H2SO4
EWG R
S
O
H2O
EWG R
S
OOH
H
EWG R
HH
+ SO2B
 
Scheme 1.9 
 
Two principal modes of reactions of sulfines with nucleophilic reagents can be envisaged, viz. 
a thiophilic and a carbophilic reaction, as is outlined in Scheme 1.10. Nucleophilic addition 
reactions with sulfines have been studied extensively[2] and preferably take place at the 
positively charged sulfur atom. In particular alkyllithium nucleophiles have been used in this 
reaction.[2,61,67] More recently, a fluoride ion induced thiophilic reaction of organosilanes with 
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 sulfines was reported.[68] Carbophilic additions are encountered less frequently and seem to 
be limited to sulfines bearing a leaving group at the sulfine carbon atom (e.g. chloro 
sulfines).[69] However, it has been reported[70] that amine nucleophiles preferably give a 
carbophilic reaction with several sulfines affording the corresponding imines (not shown in 
Scheme 1.10). 
  
R1 R2
S
O
Nu -
thiophilic attack
carbophilic attack
R1 R2
S
ONu
R1 R2
S
O
Nu
-
E+
R1 = LG
-
Nu R2
S
O
+ LG-
R1 R2
S
ONu
E
 
Scheme 1.10 
 
Another topic of interest is the occurrence of a vinylsulfenic acid tautomer when sulfines bear 
a hydrogen atom at the α-position. This tautomerism plays an important role in the 
formation of ethylsulfine during its enzymatic liberation from trans-(+)-S-(1-propenyl)-L-
cysteine S-oxide (see Scheme 1.1). Other examples of the involvement sulfine tautomerism 
will be briefly discussed in Chapter 3. 
 
An important and well-documented reaction of sulfines is the cycloaddition reaction with 
1,3-dienes. A great variety of differently substituted sulfines reacts with dienes to give 3,6-
dihydro-2H-thiopyran S-oxides[2,71] (Scheme 1.11). The stereochemical relationship of the 
sulfine substituents is retained in the cycloadduct. Such stereospecific behavior is typical for 
a concerted [4+2]-cycloaddition reaction. This Diels-Alder type reaction is frequently used in 
trapping unstable sulfines, especially when they contain an electron-withdrawing 
substituent. 
 
R1 R2
S
O
X +
S
O
R1
R2X
(racemate)  
Scheme 1.11 
 
Therefore, the Diels-Alder reaction also plays an important role in the chemistry of α-oxo 
sulfines since these electronpoor dienophiles are traditionally trapped in situ with 1,3-dienes 
(see Scheme 1.7).[11,12,15,56,58] Also examples are reported in which the α-oxo sulfine serves as 
the diene component in an inverse electron-demanding Diels-Alder reaction with several 
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 electron-rich alkenes.[57] A more detailed discussion of the Diels-Alder reactivity of α-oxo 
sulfines will be presented in the Chapters 2 and 3. 
 
Another typical reaction of sulfines is the 1,3-dipolar cycloaddition with different types of 1,3-
dipoles (e.g. diazoalkanes, nitrilimines, nitrilylides and nitriloxides). This reaction has been 
extensively reviewed.[2,3] Reactions in which the sulfine serves as a 1,3-dipole were 
accomplished by Mloston et al. and Huisgen et al. in the mid 90s.[72] 
 
 
1.4 Aim and outline of the thesis 
 
The primary objective of the research described in this thesis is to extend the fundamental 
knowledge about the chemistry of α-oxo sulfines and 3,6-dihydro-2H-thiopyran S-oxides 
derived therefrom. 
 
Chapter 2 focuses on the synthesis of α-oxo sulfines. First, a literature overview of synthetic 
methods leading to this special class of sulfines is given. Next, the scope of the method for the 
in situ synthesis of α-oxo sulfines as developed in Nijmegen[11,12,15,56,58] (Scheme 1.7) was 
extended further. The results of this research are described in Section 2.2. In the final 
Section, it will be shown that a modification of the experimental procedures allows the actual 
isolation of a wide range of differently substituted α-oxo sulfines as such.   
 
The isolation of α-oxo sulfines gives the opportunity to study the chemical behavior of these 
compounds in more detail. Some reactions involving α-oxo sulfines are described in Chapter 
3. Special attention is given to the Diels-Alder reaction of α-oxo sulfines with several achiral 
(Chapter 3) and chiral dienes (Chapter 4) leading to functionalized 3,6-dihydro-2H-
thiopyran S-oxides. As a spin-off a newly developed synthetic procedure for the synthesis of 
chiral 1-acyloxy-1,3-butadienes will be presented. In this context, the synthesis of a new class 
of chiral dienes derived from α-amino acids will also receive attention. 
 
Chapters 5 and 6 are devoted to the synthetic utility of 3,6-dihydro-2H-thiopyran S-oxides 
derived from α-oxo sulfines. In Chapter 5 the potential of functionalized 3,6-dihydro-2H-
thiopyrans (obtained by deoxygenation of their corresponding S-oxides) as substrates in 
[3,3]- and [2,3]-sigmatropic rearrangement reactions will be described. Chapter 6 deals with 
preliminary attempts toward the synthesis of thiosugar analogs, using 3,6-dihydro-2H-
thiopyrans as the starting material. 
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                                               CHAPTER 
 
 
 
 
 
SYNTHESIS OF α-OXO SULFINES   
 
 
2.1 Introduction 
 
α-Oxo sulfines represent a special class of sulfines, which until now only received limited 
attention in the literature. The first example of the synthesis of an α-oxo sulfine was reported 
in 1976 by Ning et al.[1] In their attempt to prepare the acid chloride from 9-oxo-10-
adridanacetic acid with an excess of thionyl chloride, unexpectedly, an unstable α-oxo sulfine 
was obtained (Scheme 2.1). 
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Scheme 2.1 
 
In 1981, Faull and Hull[2] claimed the conversion of ethyl 2-anilino-4-oxo-4,5-
dihydrothiophen-3-carboxylate into the corresponding α-oxo sulfine upon reaction with 
thionyl chloride. The sulfine structure was solely based on infrared characteristics. 
Unambiguous evidence for the proposed sulfine structure was provided by the Nijmegen 
group (Lenz et al.)[3] by preparing a Diels-Alder adduct of this sulfine and determining the 
structure of the adduct by X-ray analysis (Scheme 2.2). 
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Scheme 2.2 
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 In 1984, Black et al.[4] described the reaction of 4-methyl-4-nitro-1-phenylpentan-1-one with 
an excess of thionyl chloride in the presence of a catalytic amount of pyridine. Instead of the 
expected α-chloro sulfenyl chloride an α-oxo sulfine was isolated. The suggested mechanism, 
involving a neighbouring group assistance of the γ-nitro substituent, is depicted in Scheme 
2.3A. The structure of the sulfine was established by an X-ray diffraction analysis. A few 
years later, Barton et al.[5] reported the unexpected formation of an α-oxo sulfine from a 
reaction of 11-oxo-lithocholic acid with thionyl chloride in the presence of pyridine and 
subsequent quenching with methanol (Scheme 2.3B). 
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Scheme 2.3 
 
The aforementioned formation of α-oxo sulfines by reaction of methylene groups adjacent to 
a carbonyl function with thionyl chloride is in fact a break-through in the synthesis of these 
compounds. In the Nijmegen group its synthetic potential was elaborated by Lenz.[6] It was 
shown that a wide range of appropriately activated methylene compounds can be converted 
into the corresponding sulfines by treatment with thionyl chloride in the presence of a 
suitable tertiary amine base. Especially, the preparation of sulfines derived from doubly 
activated methylene compounds turned out to be very successful in this manner (Scheme 2.4, 
pathway A). The reaction conditions were optimized and the scope of this reaction of doubly 
activated methylene compounds with thionyl chloride was further investigated and 
broadened by Rewinkel[7a] and later by De Laet[8] (see also Section 2.2). 
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Less activated methylene compounds, on the other hand, gave only modest yields or failed to 
produce any sulfine.[6] These compounds are insufficiently enolized to react directly with 
thionyl chloride to give the β-oxo sulfinyl chlorides, which are the essential intermediates in 
this sulfine synthesis. However, by converting α-methylene ketones or α-methylene esters 
into the corresponding silyl enol ethers or silyl ketene acetals, respectively, the reactive enol 
form is consolidated. Indeed the reaction of a wide range of silyl enol ethers and silyl ketene 
acetals with thionyl chloride in the presence of an amine base afforded the corresponding α-
oxo sulfines in a fast reaction[6,7] (Scheme 2.4, pathway B). In almost all cases the α-oxo 
sulfine was trapped in a cycloaddition reaction with a reactive 1,3-diene, because of the 
suspected susceptibility of the sulfine toward reductive hydrolysis (see Chapter 1). Only in 
some exceptional cases, when the α-oxo sulfine crystallized from the reaction mixture, it was 
isolated as such[6,8]. In about the same period that the synthesis of α-oxo sulfines from silyl 
enol ethers was developed by the Nijmegen group, a very similar methodology was reported 
independently by Still et al.,[9] who reported the synthesis of the corresponding α-oxo sulfine 
from the trimethylsilyl enol ether derived from 1-thiochroman-4-one 1,1-dioxide. 
 
In 1996, Baltas et al.[10a] described the synthesis of two tert-butoxycarbonyl substituted 
sulfines by a 1,2-dehydrochlorination reaction of the corresponding β-oxo sulfinyl chlorides 
(Scheme 2.5). However, these β-oxo sulfinyl chlorides were prepared in a rather unusual way 
starting from the corresponding α-bromo esters. When the substituent R is a methyl group 
the α-oxo sulfine even could be isolated. The tert-butyl thioxoacetate S-oxide (R=H), 
alternatively named as tert-butyl α-sulfinyl acetate, which was postulated as an intermediate 
electrophile at the active site of cinnamoyl alcohol dehydrogenase (CAD enzyme) during 
hydrolysis[10b] or aminolysis unmasking process[10c] of sulfinamoyl esters, could not be 
isolated due to the high reactivity of the sulfine moiety and therefore was trapped as a 
cycloadduct with 2,3-dimethyl-1,3-butadiene. 
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In the late 80s and beginning 90s some alternative methods for the preparation of α-oxo 
sulfines were reported. Himbert et al.[11] described a reaction of differently substituted 
ynamines with N-(sulfinyl)arenesulfonamides, which initially gave a [2+2]-cycloadduct. 
After a spontaneous ring opening reaction sulfines were obtained[11a] (α-oxo sulfines if R1 is 
an acyl group) (Scheme 2.6A). In contrast to the [2+2] reaction mode for these sulfonamides, 
ynamines gave [4+2]-cycloadducts upon a reaction with N-(sulfinyl)carboxamides. These 
cycloadducts exhibited a low stability and decomposed within a few hours at room 
temperature, affording α-oxo sulfines[11b,c] (Scheme 2.6B). 
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Scheme 2.6 
 
Kirby et al.[12] synthesized and trapped bis(ethoxycarbonyl) sulfine. This α,α'-dioxo sulfine 
was generated by heating an anthracene adduct in refluxing benzene in the presence of 2,3-
dimethyl-1,3-butadiene for one hour (Scheme 2.7, pathway A). The same adduct was 
prepared earlier by Lenz et al., either directly from diethyl malonate by treatment with 
thionyl chloride in the presence of a base[6a,c] (pathway B), or indirectly via the corresponding 
silyl ketene acetal[6a,c] (pathway C). Another method for the generation of this labile sulfine 
was reported by Saalfrank and Rost,[13] who treated tetraethoxyallene with thionyl chloride at 
-78°C (pathway D).  
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Scheme 2.7 
 
The preparation of some α-oxo sulfines by thermal fragmentation of a 1,4-oxathiin S-oxide 
using the flash vacuum thermolysis technique was reported by Vallée et al.[14] (Scheme 2.8). 
The sulfines were characterized spectroscopically in situ, and by the formation of a 
cycloadduct by reaction with 2,3-dimethyl-1,3-butadiene. 
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Scheme 2.8 
 
A similar method of generation of α-oxo sulfines via a retro Diels-Alder reaction from 1,4-
oxathiin S-oxides was explored by Capozzi and co-workers.[15a,b,c] The 1,4-oxathiin S-oxides 
were prepared by oxidation of the corresponding 1,4-oxathiins with one equivalent of meta-
chloroperbenzoic acid (mCPBA). Heating of the 1,4-oxathiin S-oxides at 60°C in chloroform 
(22-50 h) produced the α-oxo sulfines, which were trapped either by a Diels-Alder reaction 
with electron-rich dienes (e.g. 2,3-dimethyl-1,3-butadiene or 1,3-cyclohexadiene), or 
alternatively, by a reverse electron-demanding Diels-Alder reaction with electron-rich 
dienophilic alkenes, such as vinyl ethers, phenyl vinyl sulfide and anethole (Scheme 2.9). 
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Scheme 2.9 
 
More recently, the generation of α-oxo sulfines by a base-induced elimination of phthalimide 
from N-phthalimide sulfinamides was reported by the same group.[15d,e] The sulfinamide 
precursors were prepared by a reaction of α-methylene ketones with phthalimidesulfenyl 
chloride and subsequent oxidation with meta-chloroperbenzoic acid (mCPBA). Again the 
obtained α-oxo sulfines were trapped in a Diels-Alder reaction with a reactive diene as 
depicted in Scheme 2.10. 
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Scheme 2.10 
 
An alternative method for the preparation of α-oxo sulfines starting from α-methylene esters 
was reported by Philipse (Scheme 2.11).[16] In contrast to the previously used thionyl chloride 
(vide supra, Scheme 2.4), sulfur dioxide was employed as the principal source of sulfur. 
Again, the esters were first converted into their trimethylsilyl ketene acetals, which then were 
allowed to react with sulfur dioxide. Subsequent treatment with triethylamine in the 
presence of trimethyl silyl chloride resulted in the elimination of trimethylsilanol to give α-
oxo sulfines. The scope of this method, however, is rather limited. Modified versions were 
used to prepare α-oxo sulfines from five- and six-membered lactones.[16] 
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Scheme 2.11 
 
Although all just mentioned alternative methods for the preparation of α-oxo sulfines are of 
interest in their own right, the reaction of doubly activated methylene compounds, silyl 
ketene acetals, or silyl enol ethers with thionyl chloride in the presence of a suitable tertiary 
amine base is still the most efficient and versatile method for the preparation of α-oxo 
sulfines. This method of in situ synthesis of α-oxo sulfines will be discussed in more detail in 
Section 2.2. Only in exceptional cases α-oxo sulfines were sufficiently stable to be isolated as 
such (vide supra). In Section 2.3, attempts to synthesize and actually isolate differently 
substituted α-oxo sulfines derived from esters, ketones, or doubly activated methylene 
compounds will be described. 
 
 
2.2 In situ synthesis of α-oxo sulfines 
 
From the examples in the preceding Section it is clear that the 1,2-dehydrochlorination of 
appropriate β-oxo sulfinyl chlorides is the most convenient method for the synthesis of α-oxo 
sulfines. As already outlined in Scheme 1.7, these β-oxo sulfinyl chlorides can readily be 
generated in situ from methylene compounds flanked by two electron-withdrawing groups by 
reaction with thionyl chloride. The reaction of methylene compounds with thionyl chloride 
has been reviewed extensively by Oka.[17] 
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Scheme 2.12 
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 It appears that the outcome of this reaction strongly depends on the nature of the starting 
material and the reaction conditions. α-Methylene carbonyl compounds are ambident 
nucleophiles. O-Sulfinylation with thionyl chloride can lead to either gem-dichlorides or to 
α-monochloro ketones, whereas C-sulfinylation gives rise to the desired β-oxo sulfinyl 
chlorides (Scheme 2.12). It has been reported that for a five-membered ring ketone C-
sulfinylation is favored when a small excess of thionyl chloride is applied,[17] while a large 
excess of this reagent exclusively leads to O-sulfinylation. 
 
Once the unstable β-oxo sulfinyl chloride is formed, the reaction can proceed via different 
pathways, depending on the reaction conditions and the type of substrate used[17] (Scheme 
2.13).  
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Scheme 2.13 
 
The optimal conditions to enforce the reaction in the direction of 1,2-dehydrochlorination in 
order to give α-oxo sulfines (pathway B) were established by Rewinkel.[7a] The best results 
were obtained when a solution of the doubly activated methylene compound together with a 
tertiary amine base were slowly added to a cooled solution of an equimolar amount of thionyl 
chloride containing an excess of the trapping diene. An excess of thionyl chloride would react 
with the β-oxo sulfinyl chloride (pathway A). Using this particular sequence of addition, the 
reaction of thionyl chloride with two molecules of the active methylene compound (pathway 
C) could be minimized. Furthermore, the added active methylene compound reacts 
preferably with the abundant thionyl chloride present, rather than with the β-oxo sulfinyl 
chloride, which for a major part already has undergone dehydrochlorination to the 
corresponding α-oxo sulfine. It was also found that the presence of an excess of a reactive 
1,3-diene to trap the α-oxo sulfine in a fast reaction prevents it to react with either a molecule 
of thionyl chloride (pathway D) or with the active methylene compound (pathway E). The 
presence of a base has a three-fold function: i. it promotes the keto-enol equilibration, ii. it 
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 initiates the dehydrochlorination of the β-oxo sulfinyl chloride by a deprotonation reaction, 
and iii. the base acts as a scavenger of the liberated hydrogen chloride. It is of importance to 
use an equimolar amount of a non-nucleophilic base to circumvent reactions of the base with 
the α-oxo sulfine or with thionyl chloride. Furthermore, aqueous work-up should be avoided 
because of the extreme sensitivity of α-oxo sulfines possessing two electron-withdrawing 
groups, toward reductive hydrolysis (see Chapter 1, Scheme 1.9B).  
 
Table 2.1 Synthesis of 3,6-dihydro-2H-thiopyran S-oxides via in situ generated α-oxo 
sulfines derived from doubly activated methylene compounds 
 
R1 R2
S
O
S
O
R1
R2
SOCl2
2,6-lutidine
CH2Cl2
R1 R2
 
 
entry R1 R2 temp. (°C) yield (%) reference 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
PhC(=O) 
MeC(=O) 
MeC(=O) 
t-BuC(=O) 
t-BuC(=O) 
PhC(=O) 
PhC(=O) 
EtO2C 
EtO2C 
EtO2C 
MeO2C 
MeO2C 
PhSO2 
NC 
NC 
NC 
C(=O)Ph 
C(=O)Me 
CO2Et 
CO2Et 
CN 
SPh 
SO2Ph 
CO2Et 
CN 
P(=O)(OEt)2 
SO2Ph 
NO2 
NO2 
P(=O)(OEt)2 
SO2Ph 
CN 
-18 
   0 
-18 
   0 
   0 
 20 
-18 
   0 
   0 
 20 
   0 
   0 
   0 
   0 
   0 
   0 
85 
27 
 48a 
47 
78 
 31b 
68 
75 
96 
   92a,b 
93 
44 
66 
75 
93 
92 
7a 
7a 
7a 
 8b 
 8b 
7a 
7a 
7a 
7a 
7a 
 8b 
 8b 
 8b 
7a 
 8b 
7a 
a Obtained as a mixture of diastereoisomers. b Triethylamine was used as the base. 
 
By taking into account all these considerations, Rewinkel[7a] and later De Laet[8b] synthesized 
a large variety of 3,6-dihydro-2H-thiopyran S-oxides in fair to excellent yields starting from 
differently substituted doubly activated methylene compounds by trapping in situ generated 
α-oxo sulfines in a Diels-Alder reaction with 2,3-dimethyl-1,3-butadiene. The examples 
collected in Table 2.1 demonstrate the scope of the reaction. Among the electron-
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 withdrawing substituents that activate the methylene group are combinations of ketones with 
esters, with phenylsulfanyl, with phenylsulfonyl, and with nitro, cyanide and phosphonate 
groups. The use of the stronger base triethylamine instead of 2,6-lutidine turned out to be a 
good alternative for those cases (entries 6 and 10) in which the methylene compound is not 
sufficiently enolized to give an efficient C-sulfinylation upon reaction with thionyl chloride. 
 
In the case of unsymmetrical substrates (R1≠R2) the resulting 3,6-dihydro-2H-thiopyran S-
oxides can consist of two (racemic) diastereomers. Because the [4+2]-cycloaddition of 
sulfines is known to be a concerted stereospecific process,[18,19] the geometry of the 
cycloadduct will be determined by the geometry of the sulfine. One example of a non-
stereospecific cycloaddition reaction has been reported.[20a] However, this anomalous 
stereochemical result has later been explained by invoking a geometrical equilibration of E- 
and Z-sulfines prior to the cycloaddition.[20b]  
 
The geometry of the sulfines is determined during the dehydrochlorination of the 
intermediate β-oxo sulfinyl chlorides. Since the deprotonation is probably a fast and 
reversible step, the elimination of the chloride anion will be the rate-determining step with a 
kinetic preference for the thermodynamically most stable sulfine isomer, as illustrated in 
Scheme 2.14.[7a]  
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Scheme 2.14 
 
Thus, the geometric preference is governed by the relative steric volume of the substituents 
R1 and R2 and their electrostatic interaction with the sulfinyl oxygen atom. In the case of 
entries 3 and 10 the E- and Z-sulfines have a comparable thermodynamic stability, because 
the cycloadduct was obtained as a mixture of diastereoisomers. For the entries 4,6,7,9 and 11-
15 there is an exclusive preference for one sulfine isomer, because only one (racemic) 
diastereomer was isolated. Apparently, the difference in steric size of the respective 
substituents is large enough to give preferentially one sulfine isomer. 
 
Rewinkel[7] successfully studied the use of 2-trimethylsilyloxy-1,3-butadienes as alternative 
reagents to trap in situ generated sulfines. The cycloaddition reaction of these very reactive 
unsymmetrical dienes showed a high regioselectivitity and thiacyclohexan-3-one S-oxides 
were obtained in good yields. The use of 1,3-butadiene and isoprene was investigated by De 
Laet.[8b] However, due to a lower reactivity of these dienes in comparison with the more 
electron-rich 2,3-dimethyl-1,3-butadiene, in average, the yields of the corresponding 
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 cycloadducts were lower. The regioselectivity with isoprene was found to be excellent in most 
cases. 
 
As stated in the preceding Section, less activated methylene compounds only gave modest 
yields of sulfines or even failed to produce any sulfine at all. This is caused by the low enol 
content of these substrates resulting in a reduced reactivity toward thionyl chloride, thus 
hampering the formation of the required intermediate β-oxo sulfinyl chlorides. However, the 
enol tautomer of α-methylene ketones can be consolidated by converting them into the 
corresponding silyl enol ethers. The reaction of these silyl enol ethers with thionyl chloride 
was shown to be an attractive alternative for the preparation of β-oxo sulfinyl chlorides and 
accordingly for the synthesis of α-oxo sulfines, as was independently reported by Lenz et al.[6] 
and Still et al.[9] Lenz[6a] and Rewinkel[7a] found that β-oxo sulfinyl chlorides also can be 
prepared from silyl ketene acetals derived from α-methylene esters. The addition of a HCl-
scavenger was necessary in practically all cases. In the exceptional case when the sulfine 
crystallizes from the reaction mixture,[6,8] the product can be isolated as such, but in most 
cases the sulfines have to be trapped in a Diels-Alder reaction with 2,3-dimethyl-1,3-
butadiene. 
 
The reaction of silyl enol ethers or silyl ketene acetals with thionyl chloride also may proceed 
by a deviating course, as is depicted in Scheme 2.15. The initially formed β-oxo sulfinyl 
chloride can undergo a further reaction with another molecule of the silyloxy compound to 
give a β,β'-dioxo sulfoxide.  
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Scheme 2.15 
 
Rewinkel[7a] found that the formation of β,β'-dioxo sulfoxides can be minimized by adding the 
silyl substrate together with the base to a solution of thionyl chloride containing an excess of 
the trapping diene. It was also noticed that the temperature had an effect on the yield of the 
cycloadduct, however, a general guideline for choosing the most suitable temperature could 
not be established. For ketone-derived substrates the base of choice turned out to be 2,6-
lutidine, whereas ester-derived silyl ketene acetals needed the assistance of a stronger base, 
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 viz. triethylamine. This difference in behavior can be explained by the difference in acidity of 
the protons that need to be removed in the sulfine forming step. 
 
The results obtained by Rewinkel[7a] using the optimal reaction conditions, together with 
several new examples, are compiled in Table 2.2.  
 
Table 2.2 Synthesis of 3,6-dihydro-2H-thiopyran S-oxides 4 derived from silyl enol ethers 
or silyl ketene acetals 2 via α-oxo sulfine intermediates 3 
 
R2
S
O
R1
O  
R3
R3
S
R3
R3
O
R2
O
R1
SOCl2
basea
CH2Cl2
R1
Me3SiO
R2
2 43
 
 
substr. R1 R2 R3 T (°C) time (h) product yield (%) lit.b(%) 
2a 
2b 
2c 
 
2d 
2e 
 
Me 
Et 
Ph 
Ph 
Ph 
Ph 
Ph 
Ph 
Me 
H 
H 
Me 
Ph 
Ph 
Me 
Me 
Me 
H 
Me 
Me 
H 
   0 
   0 
-78 
-78→rt 
-78 
   0→rt 
   0→rt 
      2.5 
      2.5 
      0.5 
    18 
      0.5 
    16 
    19 
4a 
4b 
4cI 
4cII 
4d 
4eI 
4eII 
 
 
 84e 
 74e 
63 
 40f 
 -g 
 72d 
38 
 84e 
  2f c 
 
2g 
2h 
 
2i 
MeO 
MeO 
MeO 
MeO 
MeO 
MeO 
H 
H 
Me 
Ph 
Ph 
CH2Ph 
Me 
H 
Me 
Me 
H 
H 
-78→rt 
-78→rt 
   0→rt 
   0→rt 
   0→rt 
-78→rt 
      2.5 
    18 
      2.5 
      2.5 
    18 
    18 
4fI 
4fII 
4g 
4hI 
4hII 
4i 
68 
52 
 
 
 76h 
48 
 
 
45 
87 
a In case of ketone-derived substrates (2a-e) 2,6-lutidine was used as the base; in case of ester-derived substrates 
(2f-i) diisopropylethylamine (2f), or triethylamine (2g-i) was the base of choice. b Reference 7a. c tert-
Butyldimethylsilyl ketene acetal was used as the substrate and diethyl ether as the solvent. d Obtained as a 
mixture of diastereomers in a ratio of 1:11. e Epimerization during work-up. f A yield of 35% was reported[6a] when 
the mixture was stirred for 40 h at room temperature. g No cycloadduct was detected in the NMR-spectrum of the 
crude product. h When the reaction time was shortened to less than 2 h the α-oxo sulfine 3h was isolated instead 
of the cycloadduct 4hII (see Section 2.3). 
 
The silyl enol ethers 2a-e and the silyl ketene acetals 2f-i were prepared following a 
literature procedure[21] involving the kinetic deprotonation of the ketone or ester precursor 1 
 33
 with lithium diisopropylamide and subsequent quenching of the anion with trimethylsilyl 
chloride (Scheme 2.16). After distillation the silyl compounds 2 were obtained in yields 
varying from 35% to 91% (see Experimental). Sometimes silyl compounds 2 consisted of a 
mixture of cis- and trans-isomers. In agreement with previous reports, the formation of the 
E-silyl compounds 2 is kinetically favored under these reaction conditions.[21a,21d,32] The 
configuration of the starting silyl compound 2, however, has no influence on the final 
geometry of the α-oxo sulfine 3. 
 
R1
Me3SiO
R2
2
R1
O
R2 1. LDA, THF, -78°C
2. Me3SiCl, -78°C→rt
1  
Scheme 2.16 
 
It is known from the literature[21a,22] that the ambident anions of relative unhindered α-
methylene esters fail to give complete O-silylation upon treatment with trimethylsilyl 
chloride. For example, when methyl acetate is used as substrate in the reaction sequence 
described above a mixture of C-silylated and O-silylated products is obtained in a ratio of 
35:65.[22] The unwanted C-silylation can be avoided by using the more sterically demanding 
silylating reagent tert-butyldimethylsilyl chloride and by the use of 1,3-dimethyl-3,4,5,6-
tetrahydro-2(1H)-pyrimidinone (DMPU) as a polar co-solvent. The function of DMPU, which 
is an effective substitute for the highly toxic hexamethylphosphoramide (HMPA),[23] is to 
complex with the lithium cation and thereby promoting the reaction of the nucleophilic 
oxygen anion to react with the silylating reagent. Now complete O-silylation was achieved 
and the tert-butyldimethylsilyl ketene acetal 2f was obtained in a yield of 74% after 
distillation (Scheme 2.17). 
 
MeO
t-BuMe2SiO 2fO
MeO 1. LDA, THF, -78°C, 30 min
3. t-BuMe2SiCl, -78°C (1 h)→rt (1 h)1f
2. DMPU, -78°C, 5 min
 
Scheme 2.17 
 
The results collected in Table 2.2 clearly reveal the generality of the reaction with thionyl 
chloride. A variety of differently substituted substrates 2 derived from the corresponding 
ketones 1a-e or esters 1f-i smoothly reacted with thionyl chloride in the presence of a base to 
give the 3,6-dihydro-2H-thiopyran S-oxides 4 after trapping the α-oxo sulfine intermediates 
3. The yields of the reactions for both ketone- and ester-derived products are in the same 
range and vary from acceptable to good. When 1,3-butadiene was used as an alternative 
trapping reagent prolonged reaction times were needed and the yields, in average, were lower 
than those obtained with 2,3-dimethyl-1,3-butadiene. This is in accordance with observations 
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 of De Laet,[8b] who found for sulfines derived from doubly activated methylene compounds 
that 1,3-butadiene was less reactive as trapping reagent than its dimethyl analog. This 
difference is in line with the lower reactivity of 1,3-butadiene in Diels-Alder reactions when 
compared with 2,3-dimethyl-1,3-butadiene.[24] Only in one case, viz. for silyl enol ether 1e as 
the substrate, the reaction sequence failed to produce any cycloadduct (4eII) when 1,3-
butadiene was used as the trapping reagent. Probably the α-oxo sulfine 4e is not sufficiently 
stable at the reaction temperature for the prolonged period needed to trap the α-oxo sulfine 
4e (see also next Section). 
 
In most cases shown in Table 2.2, only one (racemic) diastereomer of the cycloadduct 4 was 
obtained. In these Diels-Alder reactions, the geometry of the α-oxo sulfine 3 is retained in 
the cycloadduct. This implies that one geometrical sulfine isomer is preferentially formed 
during the dehydrochlorination reaction. This preference is governed by the difference in 
steric interaction of the substituents R1CO and R2 and their electrostatic repulsion of the 
sulfinyl oxygen in the syn-position, cf. Scheme 2.14. Thus, E-sulfines must be exclusively 
formed in those cases when there is only one (racemic) diastereomer of the cycloadduct. The 
structures of such cycloadducts have been unambiguously established by X-ray diffraction 
analysis[3,5] (vide infra; see also Sections 3.4 and 3.7). 
 
Rewinkel[7a] found that trapping of sulfine 3a gave two diastereomers 4a (in the ratio 11:1), 
which could be separated by careful column chromatography. The relative configuration 
could not be assigned unambiguously, but considering the geometry-determining factors 
indicated above, it was believed that the predominant cycloadduct is derived from the E-
isomer of sulfine 3a. Lenz[6a] and Rewinkel[7a] observed epimerization at C-2 of the 
cycloadduct during work-up when R2 is a hydrogen. In these cases the cycloadducts were 
initially isolated as single (racemic) diastereomers, but during purification by 
chromatography on silica gel a mixture of syn and anti isomers was obtained. Thus, both 4cI 
and 4cII were obtained as a mixture of two diastereomers after purification. However, 
epimerization did not take place when the dihydrothiopyran S-oxide 4cI was stirred in the 
presence of pyridine for 2 hours at room temperature. The geometry of cycloadducts 4cI and 
4cII could be deduced from the chemical shift and the coupling constants of the vicinal 
methylene protons at C-3 and methine proton at C-2, as described by Lenz.[6a,c]  
 
Rather unexpectedly, the dihydrothiopyran S-oxides 4fI and 4fII, did not epimerize during 
chromatographic purification. Apparently, the methine proton at C-2 is less sensitive to 
(acid-catalyzed) epimerization when flanked by an ester group than by a ketone substituent.  
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 An X-ray analysis of compounds 4fI and 4fII unambiguously showed the trans relationship 
between the 2-methoxycarbonyl substituent and the sulfoxide oxygen atom (Figure 2.1). 
 
                                      4fI                                                                      4fII 
Figure 2.1 
 
A complicating factor with regard to the stereochemical outcome of the trapping reaction 
may be a thermodynamic equilibration of the unsymmetrically substituted sulfines upon 
interaction with the tertiary amine base, as illustrated in Scheme 2.18.[7,20b] 
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Scheme 2.18 
 
This equilibration prior to the cycloaddition with the trapping diene can play a role, 
especially when the cycloaddition is not fast enough. In most cases a diastereopure 
cycloadduct 4 was obtained, however, (base-promoted) inversion of the sulfine geometry 
cannot entirely be excluded. 
 
The 3,6-dihydro-2H-thiopyran S-oxides 4 are potential substrates for the preparation of a 
wide range of sulfur-containing compounds. This issue will be elaborated in Chapters 5 and 
6. 
 
 
2.3 Isolation of α-oxo sulfines[25] 
 
The chemistry described in the preceding Section clearly demonstrates that doubly activated 
methylene compounds, silyl ketene acetals, or silyl enol ethers are attractive starting 
materials for the preparation of a wide range of α-oxo sulfines. Traditionally, these α-oxo 
sulfines were trapped in a Diels-Alder reaction with a suitable 1,3-diene, for reasons of 
suspected susceptibility toward reductive hydrolysis (see Scheme 1.9 B). In a few cases the 
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 sulfine crystallized from the reaction mixture and these sulfines have an acceptable thermal 
stability. This led to the suggestion that isolation of α-oxo sulfines as such might be possible 
in many more cases, provided the reaction conditions can be modified in an appropriate 
manner. This suggestion was corroborated when α-oxo sulfine 3h was isolated instead of the 
expected cycloadduct 4hII (Table 2.2, note h). Therefore, a study was undertaken to modify 
the experimental conditions in such a manner that the actual isolation of the sulfines might 
be possible. 
 
2.3.1 α-Oxo sulfines derived from α-methylene methyl esters  
First, the synthesis and isolation of α-oxo sulfines derived from α-methylene methyl esters 1 
was considered. The methyl esters were “locked” in their reactive enol form by converting 
them into the corresponding silyl ketene acetals, using the same procedure[21] as described 
before (see Scheme 2.16). The silyl compounds 2 were obtained in reasonable to good yields 
after distillation (see Experimental). In the next step, a solution of the silyl ketene acetal 2 
together with a tertiary amine base was slowly added to a cooled solution of thionyl chloride. 
Several combinations of base and solvents were tried. It was indeed possible to adjust the 
experimental conditions in such a manner that the α-oxo sulfines 3 could be isolated. The 
results are collected in Table 2.3. 
 
First, the reaction was carried out using triethylamine as the base and dichloromethane as 
the solvent. After stirring at the indicated time and temperature the crude mixture was 
filtered to remove most of the precipitated triethylammonium chloride. Gratifyingly, the 
remainder of the salts and the eliminated trimethylsilyl chloride could be removed by quickly 
washing the filtered reaction mixture with ice-water, affording the offensively smelling α-oxo 
sulfines 3 in good yields. 
 
In almost all cases, the NMR-spectrum and GLC-analysis of the crude α-oxo sulfines 3 
showed a purity of more than 90%. Apparently, the conversion was nearly quantitative and 
almost no hydrolysis occurred during the fast work-up. Thus, the sensitivity of α-oxo sulfines 
3 towards hydrolysis is not as bad as was supposed previously. Although the reaction 
proceeded smoothly, the mixture readily colored yellow, and this coloring intensified at 
elevated temperatures. As a result of this, the isolated crude sulfines 3 were also intensely 
yellow-colored. This coloring may be due to a side reaction between the sulfine and one or 
more of the intermediates or reagents. Especially, triethylamine and its precipitation as the 
HCl salt plays an essential role in the formation of colored side-products. 
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 Table 2.3 Synthesis of α-oxo sulfines 3 from silyl ketene acetals 2 derived from α-
methylene methyl esters 1 
 
R
S
O
MeO
O
SOCl2
base
solvent
MeO
Me3SiO
R
2 3
R
MeO
O
1
1. LDA
2. Me3SiCl
a
 
ester SKAb R base solvent T (°C) t (min) product Y(%)c 
1f 
1g 
1h 
1i 
1j 
1k 
1l 
1m 
1n 
1o 
1p 
1q 
  2f d 
2g 
2h 
2i 
2j 
2k 
2l 
2m 
2n 
2o 
2p 
2q 
H 
Me 
Ph 
PhCH2 
PhCH2CH2 
Ph(CH3)CHg 
i-Pr 
t-Bu 
C8H17 
C16H35 
MeO 
PhO 
DIPEA 
DIPEA 
DIPEA 
Et3N 
DIPEA 
Et3N 
DIPEA 
DIPEA 
Et3N 
Et3N 
Et3N 
Et3N 
CH2Cl2 
Et2O 
Et2O 
Et2O 
Et2O 
CH2Cl2 
Et2O 
Et2O 
CH2Cl2 
CH2Cl2 
CH2Cl2 
CH2Cl2 
  -50→rt 
  -78→rt 
  -78→rt 
  -78→rt 
  -78→rt 
  -20 
  -78→rt 
  -78→rt 
  -78→rt 
  -50→rt 
  -50 
  -50 
15 
30 
60 
15 
15 
60 
15 
15 
90 
90 
90 
90 
3f 
3g 
3h 
3i 
3j 
3k 
3l 
3m 
3n 
3o 
3p 
3q 
 --e 
 66f 
96 
93 
95 
 84f 
89 
 85h 
82 
81 
93 
97 
a Conditions according Scheme 2.16, see the experimental Section. b Silyl ketene acetal. c Yield of crude product, 
unless mentioned otherwise. d tert-Butyldimethylsilyl ketene acetal was used as the substrate (see Scheme 2.17). e 
Sulfine was formed, but could not be isolated. f Yield after distillation! g S-enantiomer. h Sulfine hydrolyzed 
during work-up. 
 
The use of a less polar solvent (i.e. diethyl ether) resulted in a better precipitation of the salts. 
The use of the sterically more demanding amine base, diisopropylethylamine (DIPEA), 
prevented side reactions almost completely. A combination of these two modifications, i.e. 
the use of diethyl ether and DIPEA, gave only slightly colored products after filtration and 
washing, while the yield of the α-oxo sulfine 3 was not affected.  
 
The isolation of thioaldehyde S-oxide 3f, derived from methyl acetate, failed. Although the 
sulfine 3f was formed, the reaction resulted in a dark colored unidentifiable mixture of 
products. Also Baltas et al.[10a] did not succeed in the isolation of tert-butoxycarbonyl 
thioaldehyde S-oxide, whereas the corresponding methyl thioketone S-oxide 3g, derived 
from methyl propionate, was very stable. There are strong indications that thioaldehyde S-
oxides occur in a dimeric form.[10a,11c] Himbert et al.[11c] reported that these dimeric 
thioaldehyde S-oxides decompose to furnish maleic and/or fumaric acid derivatives and in 
 38
 some cases also thiiranes (Scheme 2.19). In the present case the mixture of products was not 
analyzed further. 
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Scheme 2.19 
 
In summary, the optimal conditions for the synthesis and isolation of α-oxo sulfines 3 
derived from α-methylene esters 1 are as follows: “Slowly add a solution of the silyl ketene 
acetal 2 and diisopropylethylamine in diethyl ether to an etheral solution of thionyl 
chloride at -78°C. After the addition is complete, allow the reaction mixture to reach 
ambient temperature, remove the side-products by filtration and quickly wash with ice-
water”. It should be noted that Lenz[6] and Rewinkel[7] previously used higher temperatures, 
namely 0°C, or even 20°C, for similar substrates, but lower temperatures are clearly 
preferred. Furthermore, it is of utmost importance to use equimolar amounts of reagents of 
high purity to suppress any side-reaction.  
 
Using these optimal conditions the α-oxo sulfines 3 were obtained as slightly yellow 
compounds in a purity of more than 90% (NMR, GLC) which can be used for subsequent 
reactions without further purification. An exception is tert-butyl α-oxo sulfine 3m which 
partly hydrolyzed to the starting ester 1m during work-up. The trace amount of colored 
impurities could not be removed by filtration over activated charcoal. Column 
chromatography using either silica gel or aluminium(III)oxide, with different acidities, 
generally led to some loss of the α-oxo sulfine 3 due to on-column decomposition. The α-oxo 
sulfines 3h and 3q were isolated as yellow solids and could be purified further by careful 
recrystallization from diisopropyl ether. The sulfines 3g and 3k were further purified by 
distillation in vacuo without too much loss of product when the pressure and temperature 
during the distillation were carefully controlled. This is quite remarkable, since it is known 
that many types of sulfines decompose under thermal conditions.[19]  
 
The optically active sulfine 3k which bears a chiral center at the α'-position showed a 
exceptionally high rotation of 406° (c=1, CHCl3). For the corresponding α-methylene ester a 
rotation of 30.5° was measured. Racemization of sulfine 3k via its vinylsulfenic acid 
tautomer is very slow because the optical purity did not change during more than one year. 
Both observations are even more remarkable when compared with the behavior of the related 
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 sulfine obtained by oxidation of ethyl 2-phenyl-propanedithioate which showed a rotation of 
0.072° (c=13.95, CHCl3) and which completely racemized within 24 hours[27] (Figure 2.2). 
 
O
S
O
OMe
Me
Ph
3k [ref. 27]
SEt
S
O
Me
Ph[α]D +406° (c=1)
no racemization after 
1 year (-18°C)
[α]D +0.072° (c=13.95)
racemized within 24 hours
 
Figure 2.2 
 
In general, the α-oxo sulfines 3 were quite stable in contrast to earlier expectations. No 
decomposition was observed when they were stored for several weeks under the exclusion of 
light, in an argon atmosphere, and at a low temperature (-18°C). The crystalline sulfines 3h 
and 3q were stable for even more than 1 year under these conditions. However, a NMR-
sample of 3h completely decomposed within a few days to an unidentifiable mixture of 
compounds when it was exposed to daylight at ambient temperature. Another sample of 3h 
did not decompose when kept in the dark at 40°C for more than 1 week.  
 
The α-oxo sulfines 3 were all obtained as single isomers. Thus, during the 
dehydrochlorination of the corresponding β-oxo sulfinyl chloride there is a kinetic preference 
for the formation of the thermodynamically most stable α-oxo sulfine isomer. In all cases the 
sulfine oxygen atom is, most probably, positioned in a trans position with respect to the 
methoxycarbonyl group. This configuration is favored for electrostatic reasons and in cases 
of relatively small substituents R also from a steric point of view. Following the Cahn-Ingold-
Prelog sequence rules,[26] the obtained α-oxo sulfine has to be denoted as the E-isomer for 
the sulfines 3g-o and as the Z-isomer in case of the sulfines 3p and 3q.  
 
2.3.2 α-Oxo sulfines derived from β,γ-unsaturated methyl esters 
The synthesis and isolation of α-oxo sulfines derived from β,γ-unsaturated esters 1r and 1s 
was considered next. The esters 1r and 1s were first converted into the corresponding silyl 
ketene acetals 2r and 2s, which were obtained in good yields after distillation. These 
substrates were subjected to the optimized reaction conditions for the synthesis of α-oxo 
sulfines, as discussed above. For these conjugated ketene acetals 2r and 2s there is a 
competition between two possible pathways (Scheme 2.20). 1,2-Addition of thionyl chloride 
to the silyl ketene acetals 2r and 2s will eventually lead to the formation of the α-oxo sulfines 
3r and 3s (pathway A). On the other hand, 1,4-addition will give the γ-oxo α,β-unsaturated 
sulfines 5r and 5s (pathway B), respectively.  
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Scheme 2.20 
 
The addition reaction turned out to be completely regioselective: the γ-oxo α,β-unsaturated 
sulfines 5r and 5s were obtained exclusively in excellent yields of 91% and 95%, respectively. 
The structure of the sulfines 5 was deduced from their 1H-NMR spectra (see Experimental 
Section). From the conceivable products obtainable from the silyl ketene acetals 2r and 2s, 
only one, compound 5, is compatible with these NMR features. The observed regioselectivity 
is in agreement with observations of Rewinkel,[7a] who tried to generate some sulfines 
starting from similar conjugated silyl compounds. Only 3,6-dihydro-2H-thiopyran S-oxides 
derived from γ-oxo α,β-unsaturated sulfines were isolated when the generated sulfines were 
trapped in situ in a Diels-Alder reaction with 2,3-dimethyl-1,3-butadiene. 
 
In contrast to the findings by Rewinkel[7a] both sulfines 5 were obtained as a mixture of two 
isomers. By a careful analysis of the coupling constants in the 1H-NMR spectrum, it was 
concluded that the olefinic moiety in both isomers has the E-geometry. The coupling 
constants for the olefinic protons are higher than 15 Hz for both 5r and 5s. This means that 
the sulfine unit is having either the Z or the E-geometry. The NMR analysis also revealed that 
there is a preference for the configuration in which the sulfine oxygen is in a anti position 
with respect to the α,β-unsaturated methyl ester moiety. The vinylic proton adjacent to the 
sulfine unit absorbs at a higher field in this anti isomer in comparison with the syn isomer 
due to the deshielding effect by the sulfine oxygen atom in the anti geometry. Thus, in case of 
γ-oxo α,β-unsaturated sulfine 5r the EE-isomer was preferably formed over the EZ-isomer, 
while in case of sulfine 5s the EZ-isomer was the preferred configuration. The EZ-isomer of 
sulfine 5s could be obtained in a pure form by a selective recrystallization. For the 
assignment of the E and Z geometry the Cahn-Ingold-Prelog priority rules were followed.[26] 
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 It should be noted that the silyl ketene acetals 2r and 2s are bifunctional reagents, as they 
are capable of reacting as a nucleophile and in addition they are also electron-rich dienes and 
as such they could react with the sulfines 5 in a cycloaddition mode. However, no traces of 
cycloadducts arising from such a Diels-Alder reaction were detected. Thus, the nucleophilic 
addition of the silyl ketene acetal to thionyl chloride is highly favored over the cycloaddition 
reaction. 
 
2.3.3 α-Oxo sulfines derived from α-methylene ketones  
With the aim to establish the scope of the isolation of α-oxo sulfines, the use of α-methylene 
ketones and aldehydes as the starting substrates was studied next. Due to the enhanced 
electron-withdrawing capacity of the carbonyl group α-oxo sulfines derived from methylene 
ketones are more susceptible toward hydrolysis in comparison with α-oxo sulfines derived 
from methylene esters. Therefore, it is expected that ketone derived α-oxo sulfines will be 
less stable than those derived from esters. 
 
Table 2.4 Synthesis of α-oxo sulfines 3 from silyl enol ethers 2 derived from α-methylene 
ketones or aldehydes 1 
R2
S
O
R1
O
SOCl2
base
CH2Cl2
R1
Me3SiO
R2
2 3
R1
O
R2 1. LDA, THF, -78°C
2. Me3SiCl, -78°C→rt
1  
ketone / 
aldehyde 
silyl enol 
ether 
R1 R2 base T (°C) time 
(h) 
product Ya 
(%) 
1c 
1d 
1e 
2c 
2d 
2e 
Ph 
Ph 
Ph 
H 
Me 
Ph 
Et3N 
2,6-lutidine 
Et3N 
  -78 
  -78→rt 
  -20→rt 
    
0.5 
  21 
3c 
3d 
3e 
 -b 
 92c 
 -b 
- 2t H CH2Ph 2,6-lutidine   0→rt   16 3t  80d 
a Yield of crude product. b Sulfine was formed, but could not be isolated. c The use of diisopropylethylamine as the 
base and diethyl ether as the solvent gave a less satisfactory result. d Reference 8b. 
 
The carbonyl substrates 1 were converted into the corresponding silyl enol ethers 2, 
following the procedure depicted in Scheme 2.16. Then, the silyl enol ether was treated with 
thionyl chloride in the presence of a base, applying the addition protocol as used for the ester 
derived analogs. The results are collected in Table 2.4. Although silyl enol ethers are less 
nucleophilic than silyl ketene acetals, the α-oxo sulfines 3 were formed in all cases, as was 
ascertained by means of NMR spectroscopy. However, only α-oxo sulfine 3d, obtained from 
the corresponding silyl enol ether 2d, could be isolated as such. After filtration and 
subsequent washing of the reaction mixture with ice-water, sulfine 3d was obtained as an 
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 unpleasantly smelling yellow solid in an excellent yield of 92%. This α-oxo sulfine 3d was 
stable for several months when stored under argon in a refrigerator at -18°C. Previously, De 
Laet[8b] isolated α-oxo sulfine 3t, derived from an aldehyde as an oil in a yield of 80% after 
column chromatography. Both the sulfines 3d and 3t were obtained as single isomers. 
Mainly for electrostatic reasons, the E-isomer is supposed to be thermodynamically favored. 
The thioaldehyde S-oxide 3c was formed in a short period of time. This was evident from the 
precipitation of triethylammonium chloride, as well from the typical offensive sulfine smell 
of the reaction mixture. However, this α-oxo sulfine 3c could not be isolated as such. α-Oxo 
sulfine 3e was not formed at -78°C, as now no precipitation of salts was observed. The 
reaction only took place at a temperature higher than -20°C, however, then the sulfine 
formation was accompanied by side reactions. The mixture became intensely dark colored 
and, after work-up, no α-oxo sulfine 3e was detected. This is in agreement with earlier 
results obtained during the in situ synthesis of sulfine 3e (see Table 2.2). Only a reactive 
diene, such as 2,3-dimethyl-1,3-butadiene, was capable of trapping the generated sulfine and 
avoiding decomposing side-reactions to occur. 
 
During the synthesis of α-oxo sulfines derived from aldehydes or ketones, the nature of the 
base turned out to be of less importance. 2,6-Lutidine seems to be sufficiently bulky to avoid 
unwanted side-reactions. No stronger base was needed for the dehydrochlorination of the 
initially formed β-oxo sulfinyl chloride, which is in agreement with Rewinkel’s 
observation.[7a] The use of diisopropylethylamine as the base and diethyl ether as the solvent 
was less satisfactionary in the case α-oxo sulfine 3d. 
 
2.3.4 α-Oxo sulfines derived from doubly activated methylene compounds 
The synthesis and isolation of α-oxo sulfines 7 derived from doubly activated methylene 
compounds 6 was also investigated. From previous experiments (see Table 2.1) it was already 
known that the in situ generation of α-oxo sulfines could readily be accomplished. However, 
it was expected that these sulfines having two electron-withdrawing substituents at the 
sulfine carbon atom would be highly susceptible toward reductive hydrolysis and that 
accordingly, the actual isolation would be very troublesome. The experimental procedure for 
these substrates was a slightly modified version of that used for α-oxo sulfines 3 derived 
from esters or ketones. A solution of the methylene compounds containing two equivalents of 
base was gradually added to a cooled solution of thionyl chloride. When the addition was 
completed, the reaction mixture was allowed to reach room temperature. Then the 
precipitated ammonium salts were filtered off and the filtrate was concentrated, giving the 
sulfines 7 of sufficient purity for further experimentation. The yields were quite high. The 
results for these methylene substrates 6 are collected in Table 2.5.  
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 Table 2.5 Synthesis of α-oxo sulfines 7 derived from doubly activated methylene 
compounds 6 
R1 R2
S
OSOCl2
2 equiv. base
Et2O
6 7
R1 R2
 
substrate R1 R2 base T(°C) product yielda (%) 
6a 
6b 
6c 
6d 
6e 
6f 
6g 
MeO2C 
EtO2C 
t-BuO2C 
Me3SiO2C 
EtO2C 
t-BuC(=O) 
PhC(=O) 
CO2Me 
CO2Et 
CO2t-Bu 
CO2SiMe3 
CN 
CN 
C(=O)Ph 
Et3Nb 
Et3N 
DIPEA 
Et3N 
Et3N 
DIPEA 
Et3N 
-50→rt 
-78→rt 
-78→rt 
-50→rt 
-78→rt 
-78→rt 
-25→rt 
7a 
7b 
7c 
7d 
7e 
7f 
7g 
98 
95  
-c 
 -c 
78 
 -c 
 -c 
a Yield of crude product. b The use of diisopropylethylamine gave a similar result c Sulfine was formed, but could 
not be isolated. 
 
It should be explicitly mentioned that an aqueous washing to remove any salts led to 
substantial decomposition of the sulfines due to reductive hydrolysis to the starting 
methylene compound. The use of diethyl ether is essential, because in this solvent the 
ammonium salts precipitate practically completely. The isolated sulfines 7a, 7b, and 7e were 
intensely yellow-colored oils. The NMR-analysis revealed a purity of more than 90%. The 
only impurity was some starting material 6. An attempted distillation of sulfine 7a led to 
complete decomposition of the product. Sulfine 7e was obtained as a single isomer and this 
sulfine is supposed to have the E-configuration (cf. Scheme 2.14). The sulfines 7a, b, e could 
be stored at -18°C without noticeable decomposition for at least one week, when kept under 
argon and protected from light. For the remaining substrates 6 c, d, f and g salt formation 
was observed, but work-up did not lead to the isolation of the desired sulfine due to untimely 
decomposition. As mentioned earlier (Table 2.1), these sulfines could be trapped with a 
suitable diene. The decreased stability of the α-oxo sulfines 7c, d, f and g can be attributed to 
the higher susceptibility toward reductive hydrolysis (it is difficult to avoid moisture during 
work-up) or to a reduced thermal stability. 
 
 
2.4 Concluding remarks 
 
The chemistry described in this Chapter shows that the reaction of doubly activated 
methylene compounds, silyl enol ethers, and silyl ketene acetals with thionyl chloride in the 
presence of a suitable tertiary amine base is an efficient and versatile method for the 
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 synthesis of β-oxo sulfinyl clorides. These unstable intermediates smoothly eliminate 
hydrogen chloride affording α-oxo sulfines. These sulfines are usually trapped as their 3,6-
dihydrothiopyran S-oxides in a Diels-Alder reaction with electron-rich 1,3-dienes, because of 
the suspected susceptibility toward reductive hydrolysis. Numerous examples of this reaction 
sequence have already been reported by the Nijmegen group.[6,7,8] In Section 2.2 the scope of 
this in situ synthesis was broadened, especially to α-oxo sulfines derived from ketones and 
esters. In most cases 2,3-dimethyl-1,3-butadiene was used as the most efficient trapping 
reagent. The less reactive 1,3-butadiene was also employed; the cycloadducts were obtained 
in all studied cases, but in less satisfactory yields. A large variety of differently substituted α-
oxo sulfines can be isolated as such by a proper modification of the experimental conditions. 
For ester-derived sulfines the optimal results were achieved when diisopropylethylamine was 
used as the base in diethyl ether as the solvent. For ketone derived sulfines the choice of base 
and solvent was less critical. The ester and ketone derived of α-oxo sulfines could be isolated 
by a quick aqueous work-up followed by column chromatography, crystallization or even 
distillation. Practically in all cases a single geometrical isomer of these α-oxo sulfines was 
obtained, in which the sulfine oxygen atom is positioned trans with respect to the carbonyl 
group. Doubly activated methylene compounds can also conveniently be generated in situ 
and trapped by a 1,3-diene. The actual isolation of those type of sulfines having two electron-
withdrawing substituents at the sulfine carbon atom could only be accomplished in three 
cases when diethyl ether was used as the reaction medium. The isolated sulfines are thus 
made available for further synthetic studies. 
 
 
2.5 Experimental 
 
General remarks 
The glassware used was oven-dried, assembled under argon, and further dried with a heatgun. All 
reactions were carried out in an inert argon atmosphere, unless mentioned otherwise. 
Chromatography was carried out with a column (length 15-25 cm and diameter 1-4 cm), using Merck 
Kieselgel 60 at atmospheric pressure. Thin layer chromatography (TLC) was carried out with Merck 
precoated silicagel 60 F254 plates (layer thickness 0.25 mm). Spots were visualized with UV or by 
treatment with molybdate reagent. GLC was conducted with a Hewlett-Packard HP5890II gas 
chromatograph, using a capillary column (HP1, 25m × 0.31mm × 0.17µm), a temperature program: 
100-250°C at a rate of 15°C/min, and nitrogen at 2 mL/min (0.5 atm) as the carrier gas. Melting 
points were measured with a Reichert Thermopan microscope and are uncorrected. The 1H- and 13C-
NMR spectra were recorded on a Bruker AC 100 (FT), or on a Bruker AC 300 (FT) spectrometer. The 
chemical shifts (δ) are given in ppm relative to the internal standard (Me4Si for 1H-NMR, CDCl3 for 
13C-NMR). IR spectra were recorded on a Perkin-Elmer 298 infrared spectrophotometer. The wave 
numbers (ν) are given in cm-1. For (high resolution) mass spectra a double focusing VG7070E mass 
spectrometer was used. Electron impact (EI) or chemical ionization (CI, ionization gas: CH4) was used 
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 as ionization mode. GC-MS spectra were run on a Varian Saturn 2 GC-MS ion-trap system. GC 
separations were carried out on a fused-silica capillary column (DB-5, 30m × 0.25mm). Helium was 
used as carrier gas, and electron impact (EI) was used as ionization mode. Elemental analyses were 
performed on a Carlo Erba Instruments CHNS-O EA 1108 element analyzer. Optical rotations were 
measured with a Perkin Elmer 241 polarimeter at a wavelength of 589 nm. 
 
Solvents 
Tetrahydrofuran (THF) was freshly distilled from lithium aluminium hydride. Dichloromethane was 
distilled from phosphorus pentoxide. Diethyl ether was pre-dried over calcium chloride, then distilled 
from calcium hydride. Hexane was distilled from calcium hydride. 1,3-dimethyl-3,4,5,6-tetrahydro-
2(1H)-pyrimidinone (DMPU) was distilled from calcium hydride and stored under an argon 
atmosphere. Ethyl acetate was distilled from potassium carbonate. All other solvents were of 
analytical grade and were used as obtained. 
 
Reagents 
n-Butyllithium was purchased from Merck as a 1.6 M solution in hexanes, or from Acros as a 2.5 M 
solution in hexanes. Triethylamine, diisopropylamine and 2,6-lutidine were distilled from and stored 
over potassium hydroxide pellets. Diisopropylethylamine (DIPEA) was first distilled from ninhydrin 
and subsequently distilled from potassium hydroxide pellets. Thionyl chloride was distilled from 
triphenyl phosphite and stored under an argon atmosphere. Trimethylsilyl chloride, tert-
butyldimethylsilyl chloride, p-toluenesulfonic acid, and 2,2-dimethoxypropane were purchased and 
used as obtained. Acetophenone (1c), propiophenone (1d), deoxybenzoin (1e), methyl acetate (1f), 
methyl propionate (1g), methyl stearate (1o), methyl methoxyacetate (1p), E-methyl 3-pentenoate 
(1r), dimethyl malonate (6a), diethyl malonate (6b), di-tert-butyl malonate (6c), ethyl cyanoacetate 
(6e) and dibenzoyl methane (6g) were purchased and used as obtained. Bis(trimethylsilyl) malonate 
(6d) was a generous gift from Dr. G.H.L. Nefkens. Cyano pinacolone (6f) was a generous gift from 
Shell. All other reagents were purchased and used as obtained. 
 
General prodedure for the preparation of methyl esters 1h, 1i, 1j, 1k, 1q and 1s 
Following a literature procedure,[28] the corresponding acid was dissolved in methanol (ca. 1 
mL/mmol) and an equal amount of 2,2-dimethoxypropane. A catalytic amount of p-toluenesulfonic 
acid was added (ca. 2.5 mol%). The reaction mixture was heated at 45-50°C for 18 h. Then, 
triethylamine was added (ca. 2.5 mol%) to neutralize the p-toluenesulfonic acid, and the reaction 
mixture was concentrated in vacuo. The crude product was purified by distillation under reduced 
pressure, or alternatively, by column chromatography. Note: the reactions were not carried out in an 
argon atmosphere. 
 
Methyl phenylacetate (1h) 
Starting from phenylacetic acid (13.6 g, 100 mmol), compound 1h was obtained as a colorless liquid 
(14.7 g, 98%) after distillation under reduced pressure.  
Bp. 54-57°C (0.05 mbar). Lit.[29] 218°C. 1H-NMR(100 MHz, CDCl3): δ 3.61 (s, 2H, CH2), 3.67 (s, 3H, 
OCH3), 7.28 (br. s, 5H, arom. H). 
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 Methyl 3-phenylpropionate (1i) 
Starting from 3-phenylpropanoic acid (13.6 g, 100 mmol), compound 1h was obtained as a colorless 
liquid (14.7 g, 98%) after distillation under reduced pressure.  
Bp. 94-98°C (0.25 mbar). Lit.[29] 238-239°C. 1H-NMR(100 MHz, CDCl3): δ 2.55 (t, 3J=7.3 Hz, 2H, 
CH2CH2CO2CH3), 2.89 (t, 3J=7.3 Hz, 2H, CH2CH2CO2CH3), 3.61 (s, 2H, CH2), 3.58 (s, 3H, OCH3), 7.17 (br. 
s, 5H, arom. H). 
 
Methyl 4-phenylbutanoate (1j) 
Starting from 4-phenyl butyric acid (14.5 g, 88 mmol), compound 1j was obtained as a colorless liquid 
(15.3 g, 97) after distillation under reduced pressure.  
Bp. 66-70°C (0.05 mbar). 1H-NMR(100 MHz, CDCl3): δ 1.7-2.7 (3×m, 6H, 3×CH2), 3.55 (s, 3H, OCH3), 7.2 
(br. s, 5H, arom. H). 
 
Methyl-(S)-3-phenylbutanoate (1k) 
Starting from (S)-3-phenyl butyric acid (1.3 g, 7.9 mmol), compound 1k was obtained as a colorless 
liquid (1.4 g, quantitative) after column chromatography with hexane / diethyl ether (6:1, v/v).  
D
20[ ]α  30.5° (c=1, CHCl3). 1H-NMR(100 MHz, CDCl3): δ 1.30 (d, 3J=6.9 Hz, 3H, CH-CH3), 2.55 (d, 3J=2.4 
Hz, 1H, CHAHBCO2CH3), 2.62 (d, 3J=0.9 Hz, 1H, CHAHBCO2CH3), 3.11-3.46 (m, 1H, CH-CH3), 3.62 (s, 3H, 
OCH3), 7.11-7.40 (m, 5H, arom. H). 
 
Methyl phenoxyacetate (1q) 
Starting from phenoxyacetic acid (25.0 g, 164 mmol), compound 1q was obtained as a colorless liquid 
(15.6 g, 94%) after distillation under reduced pressure.  
Bp. 84.5-86°C (0.03 mbar). Lit.[29] 245°C. 1H-NMR(100 MHz, CDCl3): δ 3.80 (s, 3H, OCH3), 4.63 (s, 2H, 
CH2), 6.82-7.06 (m, 3H, arom. Hmeta and Hpara), 7.20-7.38 (m, 2H, arom. Hortho). 
 
E-Methyl styrylacetate (1s) 
Starting from E-styrylacetic acid (8.4 g, 52 mmol), compound 1s was obtained as a colorless liquid 
(8.5 g, 93%) after distillation under reduced pressure.  
Bp. 97°C (0.03 mbar). 1H-NMR(100 MHz, CDCl3): δ 3.25 (d, 3J=5.8 Hz, 2H, CH2), 3.70 (s, 3H, OCH3), 
6.12-6.59 (m, 2H, CH=CH), 7.15-7.40 (m, 5H, arom. H). 
 
General procedure for the preparation of methyl esters 1l, 1m and 1n 
To a stirred and cooled (0°C) solution of the corresponding acid chloride in diethyl ether (ca. 1.5 
mL/mmol) a solution of methanol (1.05 equiv.) in diethyl ether (ca. 0.5 mL/mmol) was gradually 
added. After the addition was completed, the mixture was allowed to reach ambient temperature and 
was stirred for an additional period of 2 h. Then, the reaction mixture was filtered to remove 
triethylammonium chloride, and subsequently, concentrated in vacuo. The crude product was 
purified by distillation. 
 
Methyl 3-methylbutanoate (1l) 
Starting from 3-methylbutanoyl chloride chloride (10 mL, 82 mmol), compound 1l was obtained as a 
colorless liquid (7.7 g, 81%) after distillation at atmospheric pressure. 
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 Bp. 116°C. Lit.[29] 116.7°C. 1H-NMR(100 MHz, CDCl3): δ 0.96 (d, 3J=6.4 Hz, 6H, CH(CH3)2), 1.89-2.24 
(m, 3H, CH and CH2), 3.67 (s, 3H, OCH3). 
 
Methyl 3,3-dimethylbutanoate (1m) 
Starting from 3,3-dimethylbutanoyl chloride (10 mL, 82 mmol), compound 1l was obtained as a 
colorless liquid (7.7 g, 81%) after distillation at atmospheric pressure. 
Bp. 116-122°C. Lit.[30a] 119-121°C. Lit.[30b] 121-122°C. 1H-NMR(100 MHz, CDCl3): δ 0.96 (d, 3J=6.4 Hz, 
6H, CH(CH3)2), 1.89-2.24 (m, 3H, CH and CH2), 3.67 (s, 3H, OCH3). 
 
Methyl decanoate (1n)  
Starting from decanoyl chloride (9.5 g, 50 mmol), compound 1l was obtained as a colorless liquid (8.3 
g, 89%) after distillation at reduced pressure. 
Bp. 70-74°C (0.65 mbar). Lit.[29] 224°C. 1H-NMR(100 MHz, CDCl3): δ 0.88 (t, 3J=5.9 Hz, 3H, -CH2CH3), 
1.27 (br. s, 12H, CH3(CH2)6CH2CH2CO2CH3), 1.46-1.79 (m, 2H, CH3(CH2)6CH2CH2CO2CH3), 2.31 (t, 3J=7.3 
Hz, 2H, CH3(CH2)6CH2CH2CO2CH3), 3.67 (s, 3H, OCH3). 
 
General procedure for the synthesis of silyl enol ethers and silyl ketene acetals 2 
A combination of literature procedures was followed.[21] A solution of lithium diisopropylamine (LDA) 
was prepared by adding n-butyllithium (1.6 M or 2.5 M solution in hexanes) to a cooled (0°C) solution 
of diisopropylamine (1.0 equiv.) in tetrahydrofuran (ca. 1 mL/mmol). This solution of LDA (1.05 
equiv.) was cooled to -78°C and a solution of the ketone or ester 1 in tetrahydrofuran (ca. 0.5 
ml/mmol) was gradually added. After the addition was completed, the reaction mixture was stirred at 
-78°C for an additional 30 min. Then, trimethylsilyl chloride (2.0-2.5 equiv.) was added at once and 
the mixture was allowed to reach ambient temperature. The mixture was stirred at this temperature 
for an additional hour. Next, the reaction mixture was concentrated in vacuo, diluted with diethyl 
ether or pentane, and filtered over Hyflo to remove the precipitated lithium chloride, and the filtrate 
was concentrated in vacuo. The crude product was purified by distillation under reduced pressure.  
 
1-Phenyl-1-trimethylsilyloxy ethene (2c) 
Starting from acetophenone 1c (11.9 g, 99 mmol), compound 2c was obtained as a colorless liquid 
(16.2 g, 85%) after distillation under reduced pressure. 
Bp. 88-91°C (8 mbar). 1H-NMR(100 MHz, CDCl3): δ 0.27 (s, 9H, OSi(CH3)3), 4.42 (d, 2J=1.7 Hz, 1H, 
C=CHZHE), 4.91 (d, 2J=1.7 Hz, 1H, C=CHZHE), 7.24-7.37 (m, 3H, arom. Hmeta and Hpara), 7.51-7.64 (m, 2H, 
arom. Hortho). 
 
E- and Z-1-Phenyl-1-trimethylsilyloxy 1-propene (2d) 
Starting from propiophenone 1d (6.7 g, 50 mmol), compound 2d was obtained as a colorless liquid 
(8.5 g, 82%) after distillation under reduced pressure. Ratio E/Z = 97:3 (GLC). 
Bp. 94°C (5 mm Hg). E-isomer: 1H-NMR(100 MHz, CDCl3): δ 0.14 (s, 9H, OSi(CH3)3), 4.42 (d, 2J=1.7 Hz, 
1H, C=CHZHE), 4.91 (d, 2J=1.7 Hz, 1H, C=CHZHE), 7.24-7.37 (m, 3H, arom. Hmeta and Hpara), 7.51-7.64 (m, 
2H, arom. Hortho). 
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 E- and Z-1,2-Diphenyl-1-trimethylsilyloxy ethene (2e) 
Starting from deoxybenzoin 1e (10.2 g, 52 mmol), compound 2e was obtained as a colorless liquid 
(12.0 g, 86%) after distillation under reduced pressure. Ratio E/Z = 4:1 (NMR)[33]. 
Bp. 130-137°C (0.05 mbar). E-isomer: 1H-NMR(100 MHz, CDCl3): δ 0.21 (s, 9H, OSi(CH3)3), 6.29 (s, 1H, 
CH), 6.98-7.85 (m, 10H, arom. H). Z-isomer: 1H-NMR(100 MHz, CDCl3): δ 0.37 (s, 9H, OSi(CH3)3), 6.24 
(s, 1H, CH), 6.98-7.85 (m, 10H, arom. H). 
 
E-1-Methoxy-1-trimethylsilyloxy 1-propene (2g) 
Starting from methyl propanoate 1g (15.4 mL, 160 mmol), a colorless liquid was obtained which 
consisted of an equimolar amount of 2g and a compound arising from C-silylation of 1g. This is in 
agreement with results reported in the literature[21a,31]. Both products could be completely separated 
by careful distillation under reduced pressure, affording analytically pure 2g (8.9 g, 35%) mainly as 
one isomer. 
Bp. 80°C (45 mm Hg). 1H-NMR(100 MHz, CDCl3): δ 0.22 (s, 9H, OSi(CH3)3), 1.50 (d, 3J=6.6 Hz, 3H, 
=CH-CH3), 3.52 (s, 3H, OCH3), 3.67 (q, 3J=6.6 Hz, 1H, CH). (The C-silylated compound was distilled at 
90-92°C / 7 mm Hg). 
 
E- and Z-1-Methoxy-2-phenyl-1-trimethylsilyloxy ethene (2h) 
Starting from methyl phenylacetate 1h (24.0 g, 160 mmol), compound 2h was obtained as a colorless 
liquid (32.3 g, 91%) after distillation under reduced pressure. Ratio E/Z = 4:1 (NMR)[34]. 
Bp. 68-72°C (0.01 mm Hg). Lit.[21a] 95°C (0.5 mm Hg). E-isomer: 1H-NMR(100 MHz, CDCl3): δ 0.32 (s, 
9H, OSi(CH3)3), 3.68 (s, 3H, OCH3), 4.67 (s, 1H, CH), 6.93-7.48 (m, 5H, arom. H). Z-isomer: 1H-
NMR(100 MHz, CDCl3): δ 0.28 (s, 9H, OSi(CH3)3), 3.66 (s, 3H, OCH3), 4.59 (s, 1H, CH), 6.93-7.48 (m, 5H, 
arom. H).  
 
E- and Z-1-Methoxy-3-phenyl-1-trimethylsilyloxy 1-propene (2i) 
Starting from methyl 3-phenylpropanoate 1i (26.2 g, 160 mmol), compound 2i was obtained as a 
colorless liquid (29.2 g, 78%) after distillation under reduced pressure. Ratio E/Z = 4:1 (NMR)[34]. 
Bp. 85-95°C (0.6 mbar). E-isomer: 1H-NMR(100 MHz, CDCl3): δ 0.32 (s, 9H, OSi(CH3)3), 3.41 (d, 3J=7.4 
Hz, 2H, CH2), 3.59 (s, 3H, OCH3), 3.96 (t, 3J=7.4 Hz, 1H, CH), 7.27 (br. s, 5H, arom. H). Z-isomer: 1H-
NMR(100 MHz, CDCl3): δ 0.29 (s, 9H, OSi(CH3)3), 3.41 (d, mixed-up with E, 2H, CH2), 3.51 (s, 3H, 
OCH3), 3.76 (t, 3J=7.1 Hz, 1H, CH), 7.27 (br. s, 5H, arom. H). 
 
E- and Z-1-Methoxy-4-phenyl-1-trimethylsilyloxy 1-butene (2j) 
Starting from methyl 4-phenylbutanoate 1j (14.1 g, 80 mmol), compound 2j was obtained as a 
colorless liquid (16.2 g, 76%) after distillation under reduced pressure. Ratio E/Z = 6:1 (GLC). 
Bp. 95-97°C (0.8 mbar). E-isomer: 1H-NMR(100 MHz, CDCl3): δ 0.2 (s, 9H, OSi(CH3)3), 2.0-2.6 (m, 4H, 
2×CH2), 3.5 (s, 3H, OCH3), 3.5-3.7 (m, 1H, CH), 7.2 (br. s, 5H, arom. H). 
 
E- and Z-(S)-1-Methoxy-3-phenyl-1-trimethylsilyloxy 1-butene (2k) 
Starting from methyl-(S)-3-phenylbutanoate 1k (1.3 g, 7.3 mmol), compound 2k was obtained as a 
colorless liquid (1.8 g, quantitative) and was not further purified. Ratio E/Z >9:1 (NMR). 
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 E-isomer: 1H-NMR(100 MHz, CDCl3): δ 0.29 (s, 9H, OSi(CH3)3), 1.36 (d, 3J=6.8 Hz, 3H -CHCH3), 3.56 (s, 
3H, OCH3), 3.68-3.99 (m, 2H, 2×CH), 7.30 (br. s, 5H, arom. H). 
 
E- and Z-3-Methyl-1-methoxy-1-trimethylsilyloxy 1-butene (2l) 
Starting from methyl 3-methylbutanoate 1l (5.3 g, 46 mmol), compound 2l was obtained as a 
colorless liquid (6.6 g, 77%) after distillation under reduced pressure. Ratio E/Z > 9:1 (NMR). 
Bp. 64-65°C (15 mm Hg). E-isomer: 1H-NMR(100 MHz, CDCl3): δ 0.22 (s, 9H, OSi(CH3)3), 0.94 (d, 
3J=6.7 Hz, 6H, CH(CH3)2), 2.33-2.79 (m, 1H, CH(CH3)2), 3.51 (s, 3H, OCH3), 3.56 (d, 3J=9 Hz, 1H, =CH). 
Z-isomer: 1H-NMR(100 MHz, CDCl3): δ 3.46 (s, 3H, OCH3), all other absorptions are mixed up with the 
E-isomer. 
 
E- and Z-3,3-Dimethyl-1-methoxy-1-trimethylsilyloxy 1-butene (2m) 
Starting from methyl 3,3-dimethylbutanoate 1m (2.9 g, 22 mmol), compound 2m was obtained as a 
colorless liquid (3.4 g, 76%) after distillation under reduced pressure. Ratio E/Z > 9:1 (NMR).[34] 
Bp. 60-68°C (16 mm Hg). Lit.[21a] 45°C (0.5 mm Hg). E-isomer: 1H-NMR(100 MHz, CDCl3): δ 0.22 (s, 
9H, OSi(CH3)3), 0.85 (s, 9H, CH(CH3)3), 3.49 (s, 3H, OCH3), 3.72 (s, 1H, =CH). Z-isomer: 1H-NMR(100 
MHz, CDCl3): δ 0.22 (s, 9H, OSi(CH3)3), 0.87 (s, 9H, CH(CH3)3), 3.44 (s, 3H, OCH3), 3.65 (s, 1H, =CH).   
 
E- and Z-1-Methoxy-1-trimethylsilyloxy 1-decene (2n) 
Starting from methyl decanoate 1n (6.1 g, 38 mmol), compound 2n was obtained as a colorless liquid 
(9.1 g, 92%) after distillation under reduced pressure. Ratio E/Z = 4:1 (NMR). 
E-isomer: 1H-NMR(100 MHz, CDCl3): δ 0.22 (s, 9H, OSi(CH3)3), 0.89 (br. t, 3J=5.6 Hz, 3H, -CH2CH3), 
1.26 (br. s, 12H, -(CH2)6CH3), 1.8-2.1 (m, 2H, -CH2CH=), 3.51 (s, 3H, OCH3), 3.66 (t, 3J=5.2 Hz, 1H, =CH). 
Z-isomer: 1H-NMR(100 MHz, CDCl3): δ 3.48 (s, 3H, OCH3), all other absorptions are mixed up with the 
E-isomer.  
 
E- and Z-1-Methoxy-1-trimethylsilyloxy 1-octadecene (2o)  
Starting from methyl stearate 1o (11.9 g, 40 mmol), compound 2o was obtained as a slightly yellow oil 
(13.8 g, 93%) and was not further purified. Ratio E/Z = 4:1 (NMR). 
E-isomer: 1H-NMR(100 MHz, CDCl3): δ 0.16 (s, 9H, OSi(CH3)3), 0.82 (br. t, 3J=5.6 Hz, 3H, -CH2CH3), 
1.21 (br. s, 26H, -(CH2)13CH3), 1.7-1.9 (m, 2H, -CH2CH2CH=), 2.0-2.2 (m, 2H, -CH2CH2CH=), 3.43 (s, 3H, 
OCH3), 3.5-3.7 (m, 1H, =CH). Z-isomer: 1H-NMR(100 MHz, CDCl3): δ 3.40 (s, 3H, OCH3), all other 
absorptions are mixed up with the E-isomer. 
 
E-1,2-Dimethoxy-1-trimethylsilyloxy ethene (2p) 
Starting from methyl methoxyacetate 1p (8.6 g, 83 mmol), compound 2p was obtained as a single 
isomer, and as a colorless liquid (6.2 g, 42%) after distillation under reduced pressure. (The reaction 
mixture polymerized during distillation). 
Bp. 120-122°C (100 mm Hg). 1H-NMR(100 MHz, CDCl3): δ 0.24 (s, 9H, OSi(CH3)3), 3.47 (s, 6H, 
2×OCH3), 5.30 (s, 1H, =CH).  
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 E- and Z-1-methoxy-2-phenoxy-1-trimethylsilyloxy ethene (2q) 
Starting from methyl phenoxyacetate 1q (13.3 g, 80 mmol), compound 2q was obtained as a colorless 
liquid (7.4 g, 39%) after distillation under reduced pressure. (The reaction mixture polymerized 
during distillation). Ratio E/Z = 9:1 (NMR).[34] 
Bp. 92-94°C (0.08 mbar). E-isomer: 1H-NMR(100 MHz, CDCl3): δ 0.20 (s, 9H, OSi(CH3)3), 3.60 (s, 3H, 
OCH3), 5.67 (s, 1H, =CH), 6.69-7.17 (m, 5H, arom. H). Z-isomer: δ 0.29 (s, 9H, OSi(CH3)3), 3.67 (s, 3H, 
OCH3), 5.58 (s, 1H, =CH), 6.69-7.17 (m, 5H, arom. H). 
 
(1E,3E)- and (1Z,3E)-1-Methoxy-1-trimethylsilyloxy 1,3-pentadiene (2r) 
Starting from methyl-E-3-pentenoate 1r (4.6 g, 40 mmol), compound 2r was obtained as a colorless 
liquid (5.4 g, 72%) after distillation under reduced pressure. Ratio E,E/Z,E = 2:1 (NMR). 
Bp. 75-80°C (9 mm Hg). E-isomer: 1H-NMR(100 MHz, CDCl3): δ 0.27 (s, 9H, OSi(CH3)3), 1.71 (d, 3J=6.5 
Hz, 3H, CH=CH-CH3), 3.57 (s, 3H, OCH3), 4.45 (d, 3J=10.5 Hz, 1H, CH=CH-CH3), 5.13-5.48 (m, 1H, 
CH=CH-CH3), 6.04-6.30 (m, 1H, =CH-CH=CH-CH3). Z-isomer: 1H-NMR(100 MHz, CDCl3): δ 0.22 (s, 
9H, OSi(CH3)3), 1.70 (d, 3J=6.6 Hz, 3H, CH=CH-CH3), 3.55 (s, 3H, OCH3), 4.41 (d, 3J=10.1 Hz, 1H, 
CH=CH-CH3), 5.13-5.48 (m, 1H, CH=CH-CH3), 6.04-6.30 (m, 1H, =CH-CH=CH-CH3).  
 
(1E,3E)- and (1Z,3E)-1-Methoxy-4-phenyl-1-trimethylsilyloxy 1,3-butadiene (2s) 
Starting from methyl-E-4-phenyl-3-butenoate 1s (6.1 g, 35 mmol), compound 2s was obtained as a 
colorless liquid (6.7 g, 78%) after distillation under reduced pressure. Ratio E,E/Z,E = 2:1 (NMR). 
Bp. 98-102°C (0.03 mm Hg). E-isomer: 1H-NMR(100 MHz, CDCl3): δ 0.30 (s, 9H, OSi(CH3)3), 3.62s, 
3H, OCH3), 4.46 (d, 3J=10.6 Hz, 1H, CH=CH-Ph), 6.20 (dd, 3J=15.9 Hz and 4.9 Hz, 1H, CH=CH-Ph), 6.91 
(dd, 3J=10.5 Hz and 4,9 Hz, 1H, =CH-CH=CH-Ph). Z-isomer: 1H-NMR(100 MHz, CDCl3): δ 0.27 (s, 9H, 
OSi(CH3)3), 3.61 (s, 3H, OCH3), all other absorptions are mixed up with the E-isomer. 
 
1-tert-Butyldimethylsilyloxy-1-methoxy ethene (2f) 
A solution of lithium diisopropylamine (LDA) was prepared by adding n-butyllithium (50 mL, 1.6 M-
solution in hexanes, 80 mmol) to a cooled (0°C) solution of diisopropylamine (8.1 g, 80 mmol) in 
tetrahydrofuran (80 mL). This solution of LDA was cooled to -78°C and methyl acetate (6 mL, 80 
mmol) was gradually added. After the addition was completed, the reaction mixture was stirred at -
78°C for an additional 30 min. Then, 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU, 9 
mL) was added at once and the mixture was stirred for 5 min. Subsequently, a solution of tert-butyl-
dimethylsilyl chloride (12 g, 80 mmol) in hexane (50 mL) was gradually added. After stirring for 1 h. 
at -78°C, the reaction mixture was allowed to reach ambient temperature. The mixture was stirred at 
this temperature for an additional 1 h. Then, ice-water (50 mL) was added and the reaction mixture 
was extracted three times with pentane (150 mL). The combined organic layers were washed with a 
saturated aqueous solution of sodium chloride, dried over MgSO4 and concentrated in vacuo. After 
distillation under reduced pressure, compound 2f was obtained as a colorless liquid (11.1 g, 74%). This 
procedure is a modification of a literature procedure.[32] DMPU was used as an efficient substitute of 
the highly toxic hexamethylphosphoric triamide (HMPA). 
Bp. 81-83°C (25 mm Hg). Lit.[32] 76.2-76.4° (24 mm Hg). 1H-NMR(100 MHz, CDCl3): δ 0.22 (s, 6H, 
OSi(CH3)2C(CH3)3), 0.98 (s, 9H, OSi(CH3)2C(CH3)3), 3.15 (d, 2J=2.6 Hz, 1H, =CHAHB), 3.28 (d, 2J=2.6 Hz, 
1H, =CHAHB), 3.59 (s, 3H, OCH3). 
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 General procedure for the synthesis and isolation of α-oxo sulfines 3  
A solution of the silyl compound 2 and the base (see Table 2.3, Table 2.4 and Scheme 2.20, 1.0-1.1 
equiv.) in the solvent indicated in Table 2.3 and Scheme 2.20 (ca. 4 mL/mmol) was gradually added 
to a stirred and cooled (see Table 2.3) solution of thionyl chloride (1.0 equiv.) in the solvent of choice 
(ca. 1 mL/mmol). The reaction mixture was either maintained at this temperature for the period 
indicated in Table 2.3, Table 2.4 and Scheme 2.20, or alternatively, allowed to reach room 
temperature and stirred at this temperature for the indicated time (see Table 2.3, Table 2.4 and 
Scheme 2.20). Then, the reaction mixture was filtered over Hyflo and quickly(!) washed twice with 
ice-water. The aqueous layer was washed twice with the solvent of choice. Finally, the combined 
organic layers were dried (MgSO4) and concentrated in vacuo. 
 
E-Benzoyl methyl sulfine (3d) 
Starting from 1-phenyl-1-trimethylsilyloxy 1-propene 2d (8.2 g, 40 mmol), compound 3d was 
obtained as an offensively smelling yellow solid (6.6 g, 92%). Column chromatography with hexane / 
ethyl acetate (2:1→1:1, v/v) provided 3d as a yellow solid (4.9 g, 68%). Recrystallization from toluene 
/ hexane provided analytically pure 3d as yellow plate-shaped crystals. 
Mp. 74-76°C. IR(KBr): ν 1640 (C=O), 1075 (S=O). 1H-NMR(100 MHz, CDCl3): δ 2.54 (s, 3H, CH3), 7.42-
7.77 (m. 5H, arom. H). MS(EI): m/e 180 (M+, 18%), 148 (M+-S, 16%), 132 (M+-SO, 15%), 105 (C6H5CO+, 
98%), 77 (C6H5+, 100%). Elemental analysis: calculated for C9H8O2S (180.226): C 59.98, H 4.47, S 17.79; 
found C 59.82, H 4.36, S 17.03. 
 
E-Methoxycarbonyl methyl sulfine (3g) 
Starting from 1-methoxy-1-trimethylsilyloxy 1-propene 2g (5.3 g, 33 mmol), compound 3g was 
obtained as an offensively smelling yellowish liquid (4.9 g, 90%). Careful distillation under reduced 
pressure provided analytically pure 3g as a colorless liquid (2.9 g, 66%). 
Bp. 49°C (16 mm Hg). IR(CCl4): ν 1720 (C=O), 1070 (S=O). 1H-NMR(100 MHz, CDCl3): δ 2.37 (s, 3H, C-
CH3), 3.87 (s, 3H, OCH3). 13C-NMR(25 MHz, CDCl3): δ 13.3 (q, C-CH3), 52.5 (q, CO2CH3), 163.8 (s, C=O), 
182.4 (s, C=S). GC-MS(EI): m/e 135 (M++1, 100%, pseudo-CI), 134 (M+, 18%), 102 (M+-S, 69%), 59 
(CH3OOC+, 36%), 55 (54%). 
 
E-Methoxycarbonyl phenyl sulfine (3h) 
Starting from 2-phenyl-1-methoxy-1-trimethylsilyloxy ethene 2h (13.3 g, 60 mmol), compound 3h 
was obtained as an offensively smelling yellowish solid (11.3 g, 96%). Recrystallization from 
diisopropyl ether provided analytically pure 3h as slightly yellow crystals (9.4 g, 80%). 
Mp. 56-57°C. IR(KBr): ν 1710 (C=O), 1085 (S=O). 1H-NMR(100 MHz, CDCl3): δ 3.92 (s, 3H, OCH3), 7.41-
7.54 (m, 3H, arom. Hmeta and Hpara), 7.71-7.85 (m, 2H, arom. Hortho). GC-MS(EI): m/e 196 (M+, 5%), 164 
(M+-S, 14%), 137 (M+-CO2CH3, 100%), 121 (C6H5C+=S, 45%), 109 (46%), 89 (29%), 77 (C6H5+, 37%). 
Elemental analysis: calculated for C9H8O3S (196.226): C 55.09, H 4.11, S 16.34; found C 55.14, H 4.06, S 
15.35. 
 
E-Benzyl methoxycarbonyl sulfine (3i) 
Starting from 1-methoxy-3-phenyl-1-trimethylsilyloxy 1-propene 2i (5.9 g, 25 mmol), compound 3i 
was obtained as an offensively smelling yellowish oil (4.9 g, 93%). 
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 IR(CCl4): ν 1720 (C=O), 1080 (S=O). 1H-NMR(100 MHz, CDCl3): δ 3.82 (s, 3H, OCH3), 4.20 (s, 2H, CH2), 
7.29 (br. s, 5H, arom. H). 
 
E-Methoxycarbonyl (2-phenylethyl) sulfine (3j) 
Starting from 1-methoxy-4-phenyl-1-trimethylsilyloxy 1-butene 2j (3.1 g, 12 mmol), compound 3j was 
obtained as an offensively smelling yellowish oil (3.0 g, 95%). 
IR(CCl4): ν 1720 (C=O), 1085 (S=O). 1H-NMR(100 MHz, CDCl3): δ 2.86 (t of m, 3J=8.1 Hz, 2H, -CH2CH2-
), 3.19 (t of m, 3J=8.1 Hz, 2H, -CH2CH2-), 3.82 (s, 3H, OCH3), 7.29 (br. s, 5H, arom. H). 
 
E-Methoxycarbonyl ((S)-1-phenylethyl) sulfine (3k) 
Starting from S-1-methoxy-3-phenyl-1-trimethylsilyloxy 1-butene 2k (6.3 g, 25 mmol), compound 3k 
was obtained as an offensively smelling yellowish oil. Careful distillation under reduced pressure 
provided analytically pure 3k as a slightly yellowish oil (4.7 g, 84%). 
Bp. 106-116°C (0.05 mbar). [ ]  406° (c=1, CHClD
20α 3). IR(CCl4): ν 1725 (C=O), 1085 (S=O). 1H-NMR(100 
MHz, CDCl3): δ 1.71 (d, 3J=7.3 Hz, 3H, C-CH3), 3.74 (s, 3H, OCH3), 5.18 (q, 3J=7.3 Hz, 1H, CH), 7.22-7.43 
(m, 5H, arom. H). 13C-NMR(25 MHz, CDCl3): δ 16.9 (q, C-CH3), 37.2 (d, CH-CH3), 52.4 (OCH3), 127.2 (d, 
arom. Cpara), 127.9 and 128.6 (d, arom. Cortho and Cmeta), 140.7 (s, arom. Ci), 163.0 (s, C=O), 189.3 (s, C=S). 
GC-MS(EI): m/e 224 (M+, 2%), 192 (M+-S, 60%), 176 (M+-SO, 41%), 147 (45%), 144 (100%), 117 (49%), 
116 (86%), 115 (98%), 105 (PhCHCH3+, 36%), 77 (C6H5+, 32%), 59 (CH3OOC+, 24%). 
 
E-Isopropyl methoxycarbonyl sulfine (3l) 
Starting from 1-methoxy-3-methyl-1-trimethylsilyloxy 1-butene 2l (2.8 g, 15 mmol), compound 3l was 
obtained as an offensively smelling slightly yellowish oil (2.2 g, 89%). 
1H-NMR(100 MHz, CDCl3): δ 1.30 (d, 3J=6.9 Hz, 6H, -CH(CH3)2), 3.84 (s, 3H, OCH3), 3.90 (sextet, 3J=6.9 
Hz, 1H, CH). 13C-NMR(25 MHz, CDCl3): δ 19.8 (q, -CH(CH3)2), 28.3 (d, CH), 52.3 (OCH3), 163.3 (s, C=O), 
192.1 (s, C=S). 
 
E-tert-Butyl methoxycarbonyl sulfine (3m) 
Starting from 3,3-dimethyl-1-methoxy-1-trimethylsilyloxy 1-butene 2m (0.53 g, 2.6 mmol), an 
offensively smelling slightly yellowish oil (0.39 g, 85%) was obtained, which consisted of compound 
3m (72%) and the ester 1m (28%). 
1H-NMR(100 MHz, CDCl3): δ 1.16 (s, 9H, -CH(CH3)3), 3.71 (s, 3H, OCH3). 
 
E-Methoxycarbonyl octyl sulfine (3n) 
Starting from 1-methoxy-1-trimethylsilyloxy 1-decene 2n (6.5 g, 25 mmol), compound 3n was 
obtained as an offensively smelling yellowish oil (4.8 g, 82%). 
1H-NMR(100 MHz, CDCl3): δ 0.88 (br. t, 3J=5.6 Hz, 3H, C-CH3), 1.26 (br. s, 10H, -(CH2)5CH3), 1.80-2.15 
(m, 2H, C(=S=O)CH2CH2), 2.90 (t, 3J= 7.2 Hz, 2H, C(=S=O)CH2CH2), 3.86 (s, 3H, OCH3). 
 
E-Hexadecyl methoxycarbonyl sulfine (3o) 
Starting from 1-methoxy-1-trimethylsilyloxy 1-octadecene 2o (3.7 g, 10 mmol), compound 3o was 
obtained as an offensively smelling yellowish syrup (2.8 g, 81%), after column chromatography with 
hexane / ethyl acetate (20:1, v/v). 
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 1H-NMR(100 MHz, CDCl3): δ 0.82 (br. t, 3J=5.6 Hz, 3H, C-CH3), 1.20 (br. s, 28H, -(CH2)14CH3), 2.81 (t, 
3J= 7.2 Hz, 2H, C(=S=O)CH2), 3.79 (s, 3H, OCH3). 
 
Z-Methoxy methoxycarbonyl sulfine (3p) 
Starting from 1,2-dimethoxy-1-trimethylsilyloxy ethene 2p (6.5 g, 37 mmol), compound 3p was obtained 
as a an offensively smelling yellow oil (5.1 g, 93%). 
IR(CCl4): ν 1730 (C=O), 1080 (S=O). 1H-NMR(100 MHz, CDCl3): δ 3.91 (s, 3H, CO2CH3), 4.23 (s, 3H, C-
OCH3). 13C-NMR(25 MHz, CDCl3): δ 53.4 (q, CO2CH3), 59.4 (q, C-OCH3), 159.4 (s, C=O), 200.6 (s, C=S). 
GC-MS(EI): m/e 150 (M+, 2%), 149 (31%), 135 (45%), 134 (100%), 121 (98%), 75 (72%), 59 (CH3OOC+, 
33%). 
 
Z-Methoxycarbonyl phenoxy sulfine (3q) 
Starting from 1-methoxy-2-phenoxy-1-trimethylsilyloxy ethene 2q (3,8 g, 16 mmol), compound 3q was 
obtained as a an offensively smelling yellow solid (3.3 g, 97%). Recrystallization from diisopropyl ether / 
hexane provided analytically pure 3q as yellow crystals. 
Mp. 48.5-49.5°C. IR(KBr): ν 1735 (C=O), 1080 (S=O). 1H-NMR(100 MHz, CDCl3): δ 3.87 (s, 3H, OCH3), 
7.05-7.46 (m, 5H, arom.H). 13C-NMR(25 MHz, CDCl3): δ 53.2 (q, OCH3), 116.9 (d, arom. Cortho), 125.3 (d, 
arom. Cpara), 129.7 (d, arom. Cmeta), 155.3 (s, arom. Ci), 160.4 (s, C=O), 185.8 (s, C=S). GC-MS(EI): m/e 212 
(M+, 2%), 108 (15%), 97 (22%), 78 (19%), 77 (C6H5+, 75%), 65 (32%), 59 (CH3OOC+, 100%). 
 
General procedure for the preparation of 3,6-dihydro-2H-thiopyran S-oxides 4 
The procedure as descibed by Rewinkel[7a] was followed. A solution of the silyl compound 2 and the 
base (i.e. 2,6-lutidine for ketone-derived substrates and triethylamine for ester-derived substrates) 
(1.1 equiv.) in dichloromethane (ca. 4 mL/mmol) was gradually added to a stirred and cooled (see 
Table 2.2) solution of thionyl chloride (1.05 equiv.) and the 1,3-diene (large excess, see Table 2.2) in 
dichloromethane (ca. 1 mL/mmol). The reaction mixture was either maintained at this temperature 
for the period indicated in Table 2.2, or alternatively, allowed to reach room temperature and stirred 
at this temperature for the indicated time (see Table 2.2). Then, the reaction mixture was washed 
twice with water and the washings were extracted twice with dichloromethane. The combined organic 
layers were dried (MgSO4) and concentrated in vacuo. The resulting crude product was purified by 
column chromatography and/or recrystallization. 
 
E- and Z-2-Benzoyl-4,5-dimethyl-3,6-dihydro-2H-thiopyran S-oxide (4cI) 
Starting from 1-phenyl-1-trimethylsilyloxy ethene 2c (8.1 g, 42 mmol), a mixture of E- and Z-4cI was 
obtained as a yellowish solid (8.8 g, 84%) after column chromatography with hexane / ethyl acetate 
(19:1, v/v). Ratio E/Z = 1:12 (NMR). Both isomers could be separated by careful crystallization from 
toluene / hexane. The physical and spectral data of both isomers were in agreement with those 
reported.[6a] 
 
E- and Z-2-Benzoyl-3,6-dihydro-2H-thiopyran S-oxide (4cII) 
Starting from 1-phenyl-1-trimethylsilyloxy ethene 2c (4.8 g, 25 mmol), a mixture of E- and Z-4cII was 
obtained as colorless short needles (4.1 g, 74%) after recrystallization from warm toluene. Ratio E/Z = 
1:1 (NMR).  
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 Mp. 150°C (decomp.). IR(KBr): ν 1670 (C=O), 1040 (S=O). 1H-NMR (100 MHz, CDCl3): δ 2.38-3.92 (m, 
4H, 2×CH2), 4.52 (dd, 3J=10.6 Hz, 2J=4.6 Hz, 1H, -CH2CH- , Z-isomer), 4.93 (t, 3J=6.8 Hz, 1H, -CH2CH-, 
E-isomer), 5.56-6.18 (m, 2H, CH=CH), 7.39-7.72 (m, 3H, arom. Hmeta and Hpara), 7.89-8.07 (m, 2H, arom. 
Hortho). MS(EI): m/e 220 (M+, 7%), 172 (42%, M+-S=O), 105 (C6H5CO+, 100%), 77 (C6H5+, 46%). Elemental 
analysis: calculated for C12H12O2S (220.291): C 65.43, H 5.49, S 14.56; found C 64.13, H 5.25, S 13.84. 
 
E-2-Benzoyl-2,4,5-trimethyl-3,6-dihydro-2H-thiopyran S-oxide (4d) 
Starting from 1-phenyl-1-trimethylsilyloxy 1-propene 2d (8.2 g, 40 mmol), compound 4d was 
obtained as a white solid (6.6 g, 63%). Recrystallization from toluene / hexane provided analytically 
pure 4d as colorless needles.  
Mp. 101-102°C. IR(KBr): ν 1660 (C=O), 1040 (S=O). 1H-NMR(100 MHz, CDCl3): δ 1.51 and 1.61 (br. s, 3H, 
CH3-C=C), 1.79 (s, 3H, CH3), 2.59 (A of AB, br. d, 2JAB=17.5 Hz, 1H, C-CHAHB-C), 2.82 (B of AB, br. d, 
2JBA=17.5 Hz, 1H, C-CHAHB-C), 3.10 (A of AB, br. d, 2JAB=18.7 Hz, 1H, C-CHAHB-S), 3.32 (B of AB, br. d, 
2JBA=18.7 Hz, 1H, C-CHAHB-S), 7.34-7.58 (m, 3H, arom. Hmeta and Hpara), 7.73-7.82 (m, 2H, arom. Hortho). 
MS(EI): m/e 262 (M+, 4%), 214 (43%, M+-S=O), 199 (37%), 109 (100%), 105 (C6H5CO+, 96%), 62 (C6H5+, 
46%). Elemental analysis: calculated for C15H18O2S (262.372): C 68.67, H 6.91, S 12.22; found C 68.82, H 
6.68, S 11.94. 
 
E-2-Benzoyl-2-phenyl-4,5-dimethyl-3,6-dihydro-2H-thiopyran S-oxide (4eI) 
Starting from 1,2-diphenyl-1-trimethylsilyloxy ethene 2e (6.7 g, 25 mmol), compound 4eI was 
obtained as a yellowish solid (3.2 g, 40%) after column chromatography with hexane / ethyl acetate 
(2:1→0:1, v/v). Recrystallization from warm toluene provided analytically pure 4eI as colorless needles. 
Mp. 140-143°C. IR(KBr): ν 1670 (C=O), 1050 (S=O). 1H-NMR(100 MHz, CDCl3): δ 1.38 and 1.65 (br. s, 
3H, CH3-C=C), 2.71 (A of AB, br. d, 2JAB=17.6 Hz, 1H, C-CHAHB-C), 3.00 (B of AB, br. d, 2JBA=17.6 Hz, 1H, 
C-CHAHB-C), 3.38-3.73 (m, 2H, C-CH2-S), 7.20-7.53 (m, 10H, arom. H). MS(EI): m/e 324 (M+, 4%), 276 
(27%, M+-S=O), 261 (43%), 171 (27%), 105 (C6H5CO+, 96%), 62 (C6H5+, 36%). Elemental analysis: 
calculated for C20H20O2S (324.444): C 74.04, H 6.21, S 9.88; found C 72.16, H 5.92, S 9.38. 
 
E-2-Methoxycarbonyl-4,5-dimethyl-3,6-dihydro-2H-thiopyran S-oxide (4fI) 
The general procedure for the synthesis of 3,6-dihydro-2H-thiopyran S-oxides was followed, however, 
diethyl ether was used as the solvent instead of dichloromethane. Starting from 1-tert-butyl-
dimethylsilyloxy-1-methoxy ethene 2f (5.6 g, 30 mmol), compound 4fI was obtained as a slightly 
yellow solid (4.1 g, 68%) after column chromatography with hexane / ethyl acetate (1:1→0:1, v/v). 
Mp. 53-55°C. IR(KBr): ν 1735 (C=O), 1045 (S=O). 1H-NMR(100 MHz, CDCl3): δ 1.74 (br. s, 6H, CH3-C=C-
CH3), 2.44-2.68 (m, 2H, C-CH2-C), 3.30 (A of AB, br. d, 2JAB=15.4 Hz, 1H, C-CHAHB-S), 3.55 (B of AB, br. 
d, 2JBA=15.4 Hz, 1H, C-CHAHB-S), 3.80 (s, 3H, OCH3), 3.86 (dd, 3J=7.6 Hz and 5.6 Hz, 1H, CH). 13C-
NMR(25 MHz, CDCl3): δ 19.2 and 19.8 (q, CH3-C=C-CH3), 30.1 (t, C-CH2-S), 52.5 (t, C-CH2-C), 52.7 (q, 
OCH3), 61.8 (d, CH), 117.2 and 126.7 (s, CH3-C=C-CH3), 168.8 (s, C=O). For an X-ray analysis see Figure 
2.1 and Appendix. 
 
E-2-Methoxycarbonyl-3,6-dihydro-2H-thiopyran S-oxide (4fII) 
The general procedure for the synthesis of 3,6-dihydro-2H-thiopyran S-oxides was followed, however, 
diethyl ether was used as the solvent instead of dichloromethane. Starting from 1-tert-butyl-
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 dimethylsilyloxy-1-methoxy ethene 2f (5.6 g, 30 mmol), compound 4fII was obtained as a slightly 
yellow solid (2.7 g, 52%) after column chromatography with hexane / ethyl acetate (1:1→0:1, v/v). 
Mp. 85-88°C. IR(KBr): ν 1725 (C=O), 1045 (S=O). 1H-NMR(300 MHz, CDCl3): δ 2.72 (A of AB, d of m, 
2JAB=17.3 Hz, 1H, C-CHAHB-C), 2.83 (B of AB, d of m, 2JBA=17.3 Hz, 1H, C-CHAHB-C), 3.36 (A of AB, d of 
m, 2JAB=16.9 Hz, 1H, C-CHAHB-S), 3.66 (B of AB, d of m, 2JBA=16.9 Hz, 1H, C-CHAHB-S), 3.82 (s, 3H, 
OCH3), 3.92 (dd, 3J=7.6 Hz and 5.3 Hz, 1H, CH), 5.59-5.66 and 5.87-5.94 (m, 1H, C=CH). 13C-NMR(75 
MHz, CDCl3): δ 24.1 (t, C-CH2-S), 47.2 (t, C-CH2-C), 53.0 (q, OCH3), 60.6 (d, CH), 117.2 and 127.1 (d, CH-
C=C-CH), 168.8 (s, C=O). MS(EI): m/e 174 (M+, 24%), 142 (23%), 126 (100%, M+-S=O), 111 (41%), 97 
(28%), 94 (26%), 67 (87%), 66 (65%), 65 (32%), 59 (40%, CH3OOC+). Elemental analysis: calculated for 
C7H10O3S (174.220): C 48.26, H 5.79, S 18.40; found C 48.64, H 5.36, S 17.73. For an X-ray analysis see 
Figure 2.1 and Appendix. 
 
E-2-Methoxycarbonyl-2-phenyl-3,6-dihydro-2H-thiopyran S-oxide (4hII) 
Starting from 1-methoxy-2-phenyl-1-trimethylsilyloxy ethene 2h (5.6 g, 25 mmol), compound 4hII 
was obtained as a slightly yellow solid (4.8 g, 76%) after column chromatography with hexane / ethyl 
acetate (1:1→0:1, v/v). Recrystallization from toluene / hexane provided analytically pure 4hII as 
colorless needles. 
Mp. 131-132°C. IR(KBr): ν 1720 (C=O), 1050 (S=O). 1H-NMR(100 MHz, CDCl3): δ 2.8-3.6 (m, 4H, 
2×CH2), 3.73 (s, 3H, OCH3), 5.6-5.8 and 5.95-6.2 (m, 1H, C=CH). 7.36-7.52 (m, 5H, arom. H). MS(CI): 
m/e 251 (M++1, 100%), 250 (M+, 9%), 219 (M+-OCH3) 54%), 218 (72%), 202 (M+-S=O, 36%), 201 (45%), 
191 (M+-CO2CH3), 170 (60%), 169 (53%), 143 (42%), 142 (31%), 141 (53%), 128 (25%), 115 (17%), 91 (12%), 
77 (C6H5+, 7%), 59 (CH3OOC+, 15%). Elemental analysis: calculated for C13H14O3S (250.318): C 62.38, H 
5.64, S 12.81; found C 62.58, H 5.75, S 12.75. 
 
E-2-Benzyl-2-methoxycarbonyl-3,6-dihydro-2H-thiopyran S-oxide (4i) 
Starting from 1-methoxy-3-phenyl-1-trimethylsilyloxy 1-propene 2i (11.8 g, 50 mmol), compound 4i 
was obtained as a slightly yellow solid (6.3 g, 48%) after column chromatography with hexane / ethyl 
acetate (1:1→0:1, v/v). Recrystallization from toluene / hexane provided analytically pure 4i as 
colorless needles. 
Mp. 85-87°C. IR(KBr): ν 1730 (C=O), 1060 (S=O). 1H-NMR(100 MHz, CDCl3): δ 2.32-2.90 (m, 2H, =CH-
CH2-C), 3.02-3.49 (m, 2H, C-CH2-S), 3.36 (br. s, 2H, CH2Ph), 3.63 (s, 3H, OCH3), 5.43-5.73 and 5.75-6.08 
(m, 1H, C=CH). 7.12-7.34 (m, 5H, arom. H). 13C-NMR(25 MHz, CDCl3): δ 25.2 (t, C-CH2-S), 40.9 and 44.7 
(t, C-CH2-C and CH2Ph), 52.3 (q, OCH3), 65.2 (s, C-CO2CH3), 116.5, 126.8 and 127.6 (d, CH3-C=C-CH3 and 
arom. Cpara), 128.5 and 129.8 (d, arom. Cortho and Cmeta), 134.1 (s, arom. Ci), 170.4 (s, C=O). MS(CI): m/e 
265 (M++1, 100%), 264 (M+, 7%), 233 (M+-OCH3) 8%), 232 (21%), 216 (M+-S=O, 11%), 215 (15%), 213 
(15%), 184 (21%), 183 (17%), 155 (17%), 91 (C7H7+, 51%). Elemental analysis: calculated for C14H16O3S 
(264.345): C 63.61, H 6.10, S 12.13; found C 63.48, H 5.96, S 11.47. 
 
E- and Z-[E-2-(methoxycarbonyl)ethenyl] methyl sulfine (5r) 
The general procedure for the synthesis and isolation of α-oxo sulfines 3 was followed. 
Diisopropylamine was used as the base and diethyl ether was the solvent of choice. Starting from 3E-
1-methoxy-1-trimethylsilyloxy 1,3-pentadiene 2r (0.93 g, 5.0 mmol), compound 5r was obtained as a 
an offensively smelling yellow oil (0.73 g, 91%). Column chromatography with hexane / ethyl acetate 
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 (6:1→3:1, v/v) provided 5r as a yellow oil (0.57 g, 71%), which consisted of a mixture of E- and Z-
sulfine isomers. Ratio EE/ZE = 4.5:1 (NMR). 
E,E-isomer: 1H-NMR(100 MHz, CDCl3): δ 2.41 (s, 3H, C-CH3), 3.81 (s, 3H, OCH3), 6.35 (d, 3J=15.3 Hz, 1H, 
CH=CH-CO2CH3), 7.55 (d, 3J=15.3 Hz, 1H, CH=CH-CO2CH3). 
E,Z-isomer: 1H-NMR(100 MHz, CDCl3): δ 2.18 (s, 3H, C-CH3), 3.82 (s, 3H, OCH3), 6.20 (d, 3J=16.0 Hz, 
1H, CH=CH-CO2CH3), 8.26 (d, 3J=16.0 Hz, 1H, CH=CH-CO2CH3). 
 
E- and Z-[E-2-(methoxycarbonyl)ethenyl] phenyl sulfine (5s) 
The general procedure for the synthesis and isolation of α-oxo sulfines 3 was followed. 
Diisopropylamine was used as the base and diethyl ether was the solvent of choice. Starting from 3E-
1-methoxy-4-phenyl-1-trimethylsilyloxy 1,3-butadiene 2s (2.5 g, 5.0 mmol), compound 5s was 
obtained as a an offensively smelling yellow oil (2.1 g, 95%). Column chromatography with hexane / 
ethyl acetate (9:1→4:1, v/v) provided 5s as a yellow oil (1.3 g, 58%), which consisted of a mixture of E- 
and Z-sulfine isomers. Ratio EE/ZE = 3.5:1 (NMR). Recrystallization from diisopropyl ether provided 
analytically pure E,E-5s as yellow crystals. 
E,Z-isomer: Mp. 66-67°C. IR(KBr): ν 1730 (C=O), 1090 (S=O). 1H-NMR(100 MHz, CDCl3): δ 3.89 (s, 3H, 
OCH3), 6.92-7.72 (m, 5H. arom. H), 7.61 (d, 3J=16.3 Hz, 1H, CH=CH-CO2CH3), 8.18 (d, 3J=16.3 Hz, 1H, 
CH=CH- CO2CH3). 13C-NMR(25 MHz, CDCl3): δ 52.7 (q, OCH3), 118.5 (d, CH=CH-Ph), 128.3 (d, arom. 
Cortho), 129.0 (d, arom. Cmeta), 130.4 (d, arom. Cpara), 136.1 (s, arom. Ci), 139.2 (d, CH=CH-Ph), 163.3 (s, 
C=O), 176.1 (s, C=S). GC-MS(EI): m/e 222 (M+, 24%), 205 (65%), 174 (M+-SO, 15%), 145 (M+-C6H5, 30%), 
115 (100%), 105 (54%), 89 (C6H5C+, 18%), 77 (C6H5+, 6%). 
E,E-isomer: 1H-NMR(100 MHz, CDCl3): δ 3.79 (s, 3H, OCH3), 6.92-7.72 (m, 6H. arom. H and CH=CH-
CO2CH3), 8.36 (d, 3J=15.9 Hz, 1H, CH=CH-CO2CH3). 
 
General procedure for the synthesis and isolation of α-oxo sulfines 7  
A solution of the doubly activated methylene compound 6 and the base (see Table 2.5, 2.0 equiv.) in 
diethyl ether (ca. 4 mL/mmol) was gradually added to a stirred and cooled (see Table 2.5) solution of 
thionyl chloride (1.0 equiv.) in diethyl ether. After the addition was completed, the reaction mixture 
was allowed to reach room temperature and stirred at this temperature for ca. 10 min. Then, the 
reaction mixture was filtered over Hyflo and the filtrate was concentrated in vacuo. 
 
Bis-(methoxycarbonyl) sulfine (7a) 
Starting from dimethyl malonate 6a (3.30 g, 25.0 mmol), compound 7a was obtained as an 
offensively smelling intensely yellow oil (4.36 g, 98%). 
IR(CCl4): ν 1745 (C=O), 1080 (S=O). 1H-NMR(100 MHz, CDCl3): δ 3.90 (s, 3H, OCH3 (E)), 3.96 (s, 3H, 
OCH3 (Z)). 13C-NMR(25 MHz, CDCl3): δ 53.4 and 53.8 (q, 2×OCH3), 158.7 and 160.4 (s, 2×C=O), 173.5 
(C=S). 
 
Bis-(ethoxycarbonyl) sulfine (7b) 
Starting from diethyl malonate 6b (1.60 g, 10.0 mmol), compound 7b was obtained as an offensively 
smelling intensely yellow oil (1.96 g, 95%). 
1H-NMR(100 MHz, CDCl3): δ 1.36 (t, 3J=7.0 Hz, 3H, OCH2CH3 (Z)), 1.38 (t, 3J=7.1 Hz, 3H, OCH2CH3 (E)), 
4.11-4.54 (m, 4H, CH2 (Z and E-signals mixed-up)). 
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 E-Cyano ethoxycarbonyl sulfine (7e) 
Starting from diethyl malonate 6e (2.8 g, 25 mmol), compound 7e was obtained as an offensively 
smelling intensely yellow-brown oil (3.1 g, 78%). 
1H-NMR(100 MHz, CDCl3): δ 1.41 (t, 3J=7.1 Hz, 3H, CH3), 4.44 (q of m, 3J=7.1 Hz, 2H, CH2). 
 
 
2.6 Appendix: Crystallographic data 
 
E-2-Methoxycarbonyl-4,5-dimethyl-3,6-dihydro-2H-thiopyran S-oxide (4fI)  
The crystal and molecular structure of trans-2-Methoxycarbonyl-4,5-dimethyl-3,6-dihydro-2H-
thiopyran S-oxide 4fI was determined using data collection at room temperature on a CAD4 
diffractometer with graphite monochromatized CuKα radiation. Compound 4fI crystallized in a 
monoclinic system, in space group P21/c with the unit cell consisting of 4 molecules. Crystal data and 
experimental details are shown in Table 2.6. The lattice constants were refined by least-squares fit of 
25 reflections in the θ range 18.46o-29.26o. The decline in intensities of three control reflections (-
1,2,6; -1,-4,4; -1,-2,5) was 4.7% during 45.1 hours of exposure time; the intensity corrections was 
applied (DECAY program).[35] An empirical absorption correction was applied by the use of the ψ-scan 
method (EAC program).[35,36] A total of 2157 unique reflections were used to solve the structure by 
direct methods and to refine it by full matrix least-squares using F2 (F set to zero for negative F2).[37,38] 
Hydrogen atoms were found on difference fourier map and refined isotropically. Anisotropic thermal 
parameters were refined for all nonhydrogen atoms. The final refinement converged to R=0.0387 for 
175 refined parameters and 2070 observed reflections with I ≥ 2σ(I). The crystallographic data of 
compound 4fI have been deposited to the Cambridge Crystallographic Data Centre.[39] 
 
E-2-Methoxycarbonyl-3,6-dihydro-2H-thiopyran S-oxide (4fII)  
The crystal and molecular structure of trans-2-Methoxycarbonyl-3,6-dihydro-2H-thiopyran S-oxide 
4fII was determined using data collectio at room temperature on a CAD4 diffractometer with graphite 
monochromatized CuKα radiation. Compound 4fII crystallized in a monoclinic system, in space group 
P21/c with the unit cell consisting of 4 molecules. Crystal data and experimental details are shown in 
Table 2.6. The lattice constants were refined by least-squares fit of 25 reflections in the θ range 18.62o-
30.50o. The decline in intensities of three control reflections (-1,3,-4; 2,2,4; 2,3,-3) was 1.3% during 
34.8 hours of exposure time. An empirical absorption correction was applied by the use of the ψ-scan 
method (EAC program).[35,36] A total of 1565 unique reflections were used to solve the structure by 
direct methods and to refine it by full matrix least-squares using F2 (F set to zero for negative F2).[37,38] 
Hydrogen atoms were found on difference fourier map and refined isotropically. Anisotropic thermal 
parameters were refined for all nonhydrogen atoms. The final refinement converged to R=0.0396 for 
141 refined parameters and 1515 observed reflections with I ≥ 2σ(I). The crystallographic data of 
compound 4fII have been deposited to the Cambridge Crystallographic Data Centre.[39] 
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 Table 2.6  Crystal data and experimental details of compounds 4fI and 4fII 
Compound 4fI 4fII 
Molecular formula C H O S 9 14 3 C H O S 7 10 3
Formula weight 202.26 174.21 
Crystallographic system monoclinic monoclinic 
Space group P2 /c 1 P2 /c 1
a (Å) 10.837(3) 7.2090(10) 
b (Å) 8.761(3) 8.532(2) 
c (Å) 11.506(4) 13.308(3) 
β (o) 106.12(3) 94.93(3) 
V (Å3) 1049.5(6) 815.5(3) 
Z 4 4 
Dc (g/cm3) 1.280 1.419 
µ [cm-1] 25.54 31.97 
Crystal dimensions (mm) 0.20×0.25×0.25 0.15×0.30×0.80 
Maximum 2θ (o) 150 150 
Radiation, λ (Å) CuKα, 1.54184 CuKα, 1.54184 
Scan mode ω/2θ ω/2θ 
Scan width (o) 0.86+0.14.tanθ 0.80+0.14.tanθ 
hkl ranges: h = 
 k = 
 l = 
 -13 13 
 -10 10 
 0 14 
 0 9 
 -9 0 
 -16 16 
DECAY correction: min. 
 max. 
 ave.  
1.00003 
1.02425 
1.01138 
 
EAC correction: min. 
 max. 
 ave.  
0.8966 
0.9987 
0.9553 
0.8886 
0.9993 
0.9538 
No. of reflections: unique 
 obs. with I>2σ(I) 
2157 
2070 
1565 
1515 
No. of parameters refined 175 141 
Largest diff. peak (eÅ-3) 0.310 0.238 
Largest diff. hole (eÅ-3) -0.230 -0.301 
shift/esd max 0.000 0.001 
Robs 0.0387 0.0396 
wRobs 0.1082 0.1134 
Sobs 1.057 1.043 
weighting coeff.a m 
 n 
0.0578P 
0.2217 
0.0756 
0.2646 
extinction coef.b k 0.0161(13) 0.0218(18) 
Rint 0.0361 0.0171 
Tmeas. 293(2) 293(2) 
F_000 432 368 
a weighting scheme w=[σ2(Fo2)+(mP)2+nP]-1 , where P=(Fo2+2Fc2)/3. b extinction 
 method SHELXL, extinction expression Fc=kFc[1+0.001xFc2λ3/sin(2θ)]-1/4. 
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                 CHAPTER 
 
 
 
 
 
REACTIONS OF α-OXO SULFINES  
 
 
3.1 Introduction 
 
The reaction of doubly activated methylene compounds, silyl ketene acetals, or silyl enol 
ethers with thionyl chloride in the presence of a suitable tertiary amine base is an efficient 
and versatile method for the preparation of α-oxo sulfines (Chapter 2).[1] Traditionally, this 
special class of sulfines is trapped in situ in a Diels-Alder reaction with an excess of electron-
rich 1,3-dienes. This trapping reaction was considered necessary in most cases because of the 
suspected susceptibility toward hydrolysis. However, it was shown in Section 2.3 that a 
variety of α-oxo sulfines can be synthesized and isolated as such by a proper modification of 
the experimental procedures.[2] This important finding allows a detailed study of reactions of 
α-oxo sulfines. An overview of some conceivable reactions is outlined in Scheme 3.1.  
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Scheme 3.1 
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 Sulfines bearing a hydrogen atom at the α-carbon can undergo enethiolization to their 
vinylsulfenic acid tautomer. This tautomerism plays an important role in the formation of the 
naturally occurring ethyl sulfine during its liberation from S-(1-propenyl)-L-cysteine S-oxide 
by action of the enzyme Allinase[3] (see Chapter 1). The intermediacy of a sulfine tautomer 
has also been proposed in several other reactions[4] and was proven unambiguously by 
intermolecular[5] as well as intramolecular[6] trapping reactions. De Laet[1h] studied the in situ 
intramolecular trapping reaction of enethiolizable α-oxo sulfines (Scheme 3.2). Starting from 
the appropriate silyl enol ethers either allyl or homo-allyl substituted α-oxo sulfines were 
prepared, which subsequently cyclized via an intramolecular addition reaction to give 
acylthiophenes or chlorodihydrothiopyrans, respectively, when subjected to treatment with 
thionyl chloride.  
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i. SOCl2 (5 equiv.), 2,6-lutidine (1.1 equiv.), CH2Cl2, 0°C→rt, 16 h  
Scheme 3.2 
 
Another possibility to prove the presence of a vinylsulfenic acid tautomer is by an 
intermolecular trapping reaction with thiophenol to give the corresponding vinyl disulfides.[7] 
Preliminary experiments with some enethiolizable α-oxo sulfines, however, did not show any 
reactivity upon treatment with this trapping reagent. Also spectroscopic data of 
enethiolizable α-oxo sulfines did not reveal the presence of tautomers, indicating that the 
equilibrium is almost totally shifted to the sulfine form. This is also in agreement with the 
optical stability of S-methoxycarbonyl (1-phenylethyl) sulfine (compound 3k in Chapter 2). 
Further study of the sulfine-sulfenic acid tautomerism of α-oxo sulfines were not carried out. 
 
Sulfines belong to the category of heterocumulenes that can undergo a variety of 
cycloaddition reactions. In particular, sulfines are reactive partners in [4+2]- and [3+2]- 
cycloaddition reactions.[8] In contrast to sulfenes,[9] a [2+2]-cycloaddition reaction involving 
sulfines has never been observed.  
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 In the special case of α-oxo sulfines the [4+2]-cycloaddition[1a-h] and the inverse type, in 
which the α-oxo sulfine serve as a 1,3-diene,[1j-m,28a-c] have been prominent in the literature. 
Many examples have been reported where α-oxo sulfines were trapped in situ with electron-
rich 1,3-dienes and electron-rich alkenes, respectively. The finding that a wide range of α-oxo 
sulfines can be synthesized and isolated as such allows a more detailed study of their 
reactivity in Diels-Alder reactions. The reaction of α-oxo sulfines with a wide range of 
different 1,3-dienes leading to functionalized 3,6-dihydro-2H-thiopran S-oxides will be 
discussed in Sections 3.3 and 3.4. Since these products are versatile synthons for further 
functionalization (see Chapters 5 and 6) it was decided to pay exclusive attention to the 
[4+2]-cycloaddition reaction. Other types of cycloadditions involving α-oxo sulfines were not 
investigated in the context of this thesis. 
 
(α-Oxo) sulfines contain several electrophilic centers and therefore are versatile substrates 
for reactions with nucleophiles. The reaction of α-oxo sulfines with nucleophiles (viz. 
alkyllithiums) will be discussed in the next section. 
 
 
3.2 Reactions with alkyllithium as nucleophiles 
 
Two principle modes of reactions of sulfines with nucleophilic reagents can be envisaged, viz. 
a thiophilic and a carbophilic reaction (see Scheme 1.10, Chapter 1). Nucleophilic addition 
reactions to sulfines have been studied extensively[8,10] and preferably take place at the 
positively charged sulfur atom. Carbophilic additions are encountered less frequently and 
seem to be limited to sulfines bearing a leaving group at the sulfine carbon atom. 
 
Nucleophilic reactions with α-oxo sulfines, however, have been investigated in only one 
particular case. De Laet[1h] treated the stable methoxycarbonyl benzyl sulfine 1e with 
alkyllithiums and obtained sulfoxides 2e in rather low yields. This study was extended to 
some other α-oxo sulfines 1. These new results, together with those obtained by De Laet are 
collected in Table 3.1. The α-oxo sulfines 1b and 1d both reacted smoothly with n-
butyllithium and methyllithium in a thiophilic mode to give the corresponding sulfoxides 2 
as a mixture of diastereoisomers in moderate to excellent yields. Importantly, exclusive 
chemoselectivity was observed: neither carbophilic addition, nor reaction of the alkyllithium 
with the ester function was observed. Furthermore, no α-alkylation was observed with 
appropriately substituted sulfines (i.e. α-hydrogen containing substrates 1d and 1e).  
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 Table 3.1 Reactions of some α-oxo sulfines with alkyllithium nucleophiles 
 
R1
S
O
O
R2
1. R3Li / THF, -78°C
2. xs R4X, -78°C→rt R1
S
R3O
R4
O
R2
1 2  
substrate R1 R2 R3Li R4X producta yield (%) 
1b 
1d 
1e 
1e 
1e 
Ph 
Me 
PhCH2 
PhCH2 
PhCH2 
CO2Me 
Ph 
CO2Me 
CO2Me 
CO2Me 
n-BuLi 
MeLi 
MeLi 
n-BuLi 
(i-Pr)2NLi 
NH4Cl 
NH4Cl 
NH4Cl 
MeI 
MeI 
2b 
2d 
 2eI 
  2eII 
   2eIII 
96 
48 
 23b 
 40b 
   10b,c 
a All products were obtained as a mixture of diastereoisomers. b Reference 1h. c Product was oxidized immediately 
to the corresponding sulfonamide. 
 
The results reveal that alkyllithiums act as a nucleophile, rather than as a base. Surprisingly, 
this was also the case when sulfine 1e was treated with the sterically hindered lithium 
diisopropylamide. The yields of the reactions involving enethiolizable substrates (1d and 1e), 
however, were significantly lower than for α-oxo sulfine 1b. α-Deprotonation of sulfines has 
been investigated previously. It was then found that thallium ethoxide was the only suitable 
base to obtain well-defined products in the subsequent alkylation step.[11] However, these 
reactions did not lead to an alkylation of the α-carbon atom but to the S-alkylated products 
via the corresponding enothiolate anion. No efforts were made to conduct a similar reaction 
with α-oxo sulfines.  
 
 
3.3 Diels-Alder reactions with symmetrical 1,3-dienes 
 
The hetero Diels-Alder reaction is one of the most important methods for the synthesis of 
heterocycles. Thiocarbonyl compounds are well known dienophiles which produce 
dihydrothiopyran derivatives upon reaction with suitable 1,3-dienes.[12] Amongst them 
thioaldehydes exhibit the highest reactivity, but their low stability often requires their 
generation in situ. The hetero Diels-Alder reaction of sulfines, on the other hand, seems to be 
limited to those cases in which the sulfine is activated by at least one electron-withdrawing 
substituent.[1,8,13] In Section 2.3 was shown that appropriately substituted α-oxo sulfines can 
be isolated. This important finding allows a more detailed investigation of these 
heterocumulenes as dienophile in a hetero Diels-Alder reaction. 
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 2,3-Dimethyl-1,3-butadiene is most frequently used as a trapping reagent of in situ formed α-
oxo sulfines.[1c-h] Often a large excess (up to 10 equivalents) of this reactive diene was needed 
to accomplish a satisfactory trapping. In the present study, some α-oxo sulfines 1 were 
allowed to react with only a slight excess (1.1-2.0 equivalents) of 2,3-dimethyl-1,3-butadiene 
in dichloromethane at ambient temperature for 18 hours. Trapping reactions with the less 
reactive 1,3-butadiene are, until now, limited to α-oxo sulfines having two electron-
withdrawing groups at the sulfine carbon atom[1h] or α-oxo thioaldehyde S-oxides (see Table 
2.2). A selection of α-oxo sulfines 1 was treated with a large excess of 1,3-butadiene. The 
results obtained with both dienes are collected in Table 3.2. 
 
Table 3.2 Diels-Alder reactions of methoxycarbonyl sulfines 1 with 2,3-dimethyl-1,3-
butadiene and 1,3-butadiene 
 
R2
R2 R1
S
O
CO2Me
+
S
R1
OR2
R2 CO2Me
catalyst (10 mol%)
CH2Cl2
1 3 (R2 = H), 4 (R2 = Me)  
substr. R1 R2 catalyst T 
(°C) 
time 
(h) 
prod. yield 
(%) 
in situ 
(%)a 
1a 
1a 
1b 
1b 
1c 
Me 
Me 
Ph 
Ph  
MeO2C 
H 
H 
H 
H 
H 
- 
SnCl4 
- 
SnCl4 
- 
   0→rt 
-25→rt 
   0→rt 
-25→rt 
rt 
18   
  1 
18 
  1 
18 
3a 
3a 
3b 
3b 
3c 
70 
96 
- 
88 
57 
- 
- 
 76b 
- 
 38c 
1a 
1f 
1g 
1h 
Me 
i-Pr 
PhCH2CH2 
C16H33 
Me 
Me 
Me 
Me 
- 
- 
- 
- 
rt 
rt 
rt 
rt 
18 
18 
18 
18 
4a 
4f 
4g 
4h 
85 
80 
86 
27 
 45d 
- 
- 
- 
a Yield when the α-oxo sulfine 1 was trapped in situ. b See Table 2.2, Chapter 2. c Reference 1h, with 
bis(ethoxycarbonyl) sulfine. d Reference 1f. 
 
In all cases the Diels-Alder reaction afforded a racemic mixture of 3,6-dihydro-2H-thiopyran 
S-oxides 3 and 4 as single diastereoisomers. The geometry of the starting sulfines 1 was 
completely retained in the cycloadducts 3 and 4, once again, confirming the concertness of 
the [4+2]-cycloaddition reaction (for a more detailed discussion, see Section 2.2). The yields 
of the cycloadducts 3 and 4, in general, were significantly higher when compared with 
similar reactions with α-oxo sulfines 1 performed in situ. Only sulfine 1h gave a deviating 
result as the corresponding dihydrothiopyran 4h was obtained in a rather low yield of 26%. 
Probably the sulfine 1h was partly decomposed prior to the Diels-Alder reaction.  
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 1,3-Butadiene is known as a diene of rather low reactivity, however, the use of a large excess 
ensured sufficient conversion. Addition of 10 mol% of the Lewis acid tin(IV) chloride resulted 
in a considerable acceleration of the cycloaddition reaction. The reaction was completed 
within 1 hour and the cycloadducts 3 were obtained in high yields. It should be noted that 
this is the first example of a successful Lewis acid catalysis involving sulfines. It has 
previously been assumed that Lewis acid catalysis is not possible because of the limited 
stability of sulfines in the presence of (strong) Lewis acids.[1c,f,h] 
 
Next, the Diels-Alder reaction of sulfines 1d and 1g with 1,3-cyclohexadiene was studied. The 
results are collected in Table 3.3.  
 
Table 3.3 Diels-Alder reactions of some α-oxo sulfines with 1,3-cyclohexadiene 
R1
S
O
O
R2
+
catalyst (100 mol%)
1 5
S R1
O
O R2
S
R1
R2
O
O
+
6
CH2Cl2
  
substrate R1 R2 catalyst time 
(h) 
yield 5 
(%) 
yield 6 
(%) 
ratio 
5:6 
1d 
1g 
1g 
Me 
PhCH2CH2 
PhCH2CH2 
Ph 
OMe 
OMe 
- 
- 
ZnCl2 
    18     
    18 
      6 
86 
66 
33 
12 
16 
31 
7.2 
4.1 
1.1 
 
Two diastereomeric cycloadducts 5 and 6 were obtained in good overall yields on stirring of 
the sulfines for 18 hours with 2 equivalents of this conformationally locked and hence 
reactive diene. The diastereomeric adducts could be separated by column chromatography. 
The formation bicyclic sulfoxide 5, having the 2-methoxycarbonyl group in an endo position, 
was strongly favored in both cases.  
 
The course of the Diels-Alder reaction was affected by using an equimolar amount of the 
relatively weak Lewis acid zinc(II) chloride; the rate of the reaction was increased, both the 
total yield and the endo/exo selectivity decreased. Thus, in this case there is no advantage of 
using a Lewis acid catalyst. 
 
The structure of the cycloadducts 5g and 6g was assigned unambiguously by a chemical 
transformation. First, both 2-methoxycarbonyl adducts were converted into the 
corresponding acids by saponification with lithium hydroxide. Next, the acids were subjected 
to a iodolactonization reaction following a literature procedure.[14] Only one of the 
diastereomeric acids gave the tricyclic sulfoxide 7. From geometrical point of view only the 
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 isomer in which the 2-carboxylic acid function is in an endo position (5g) can give product 7. 
Accordingly, the exo isomer (6g) did not react under iodolactionization conditions. 
 
5g
S
CH2CH2Ph
O
OMeO
S
CH2CH2Ph
O
O OMe
6g
conditions: i. LiOH (3 equiv.), THF/H2O (1:1), 6 days; ii. I2, KI, NaHCO3, H2O, dark, 1 day
S
CH2CH2Ph
O
OH O
S
CH2CH2Ph
OH
O
O
S
CH2CH2Ph
O
O
I
O
i ii
no reactioni ii
7
 
Scheme 3.3 
 
It should be noted that the bicyclic adduct arising from the cycloaddition reaction of Z-
alkylthioaldehyde S-oxides and cyclopentadiene, which has the sulfoxide oxygen in an endo 
position (cf. 6), is not stable as it is converted into a bicyclo-sultene via a [2,3]-sigmatropic 
rearrangement (Scheme 3.4).[15] Apparently, an analogous reaction of the corresponding 
endo adduct 6 obtained from 1,3-cyclcohexadiene is not taking place because of a different 
spatial arrangement. 
 
S
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S
H R
O
[2,3]
 
Scheme 3.4 
 
Next, the use of commercially available trans,trans-1,4-diacetoxy-1,3-butadiene was 
investigated in a Diels-alder reaction with differently substituted α-oxo sulfines 1. This diene 
is rather sluggish in its reaction with dienophiles. Moreover, this diene is rather expensive 
and therefore not attractive for a trapping reaction when it has to be used in excess. Having 
the sulfines available in isolated form, the use of equimolecular amounts of this diene is 
possible, whereby Lewis acid catalysis can also be applied. The results are collected in Table 
3.4. 
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 Table 3.4 Diels-Alder reactions of some methoxycarbonyl sulfines 1 with trans,trans-1,4-
diacetoxy-1,3-butadiene 
 
OAc
OAc
R
S
O
CO2Me
+
S
R
O
OAc
OAc
CO2Me
catalyst (10 mol%)
CH2Cl2
1
S
R
O
OAc
OAc
CO2Me
+
8-I 8-II  
substrate R catalyst T (°C) time 
(h) 
products yield 
(%) 
ratio 
I : IIa 
1a 
1a 
1b 
1b 
  1c’c 
Me 
Me 
Ph 
Ph 
EtO2C 
- 
SnCl4 
- 
SnCl4 
- 
rt→ refluxb 
-25→rt 
rt→ refluxb 
-25→rt 
rt 
  72 
    1 
  72 
    1  
  18 
8aI + 8aII 
8aI + 8aII  
8bI + 8bII 
8bI + 8bII 
8cIc + 8cIIc 
trace 
82 
trace 
80 
50 
       -    
  >95:5 
       - 
    95:5 
    93:7d 
a Determined with NMR. b Toluene was used as the solvent. c 3,6-Diacetoxy-2,2-diethoxycarbonyl-3,6-dihydro-
2H-thiopyran S-oxide. d Not unambiguously proven.  
 
α-Oxo sulfines 1a and 1b showed almost no reaction when refluxed in toluene for several 
days. However, the cycloaddition reaction was significantly accelerated by tin(IV) chloride (10 
mol%). In this way, the racemic cycloadducts 8 were obtained in a short period of time and 
in high yields. The diastereoselectivities of the Diels-Alder reactions were excellent as one 
diastereoisomer was formed almost exclusively. The configuration at C-2 of the predominant 
diastereoisomer first was assumed to be as shown for compounds 8-II on basis of the endo 
rule (also known as the Alder rule[16]), as it is well documented that open-chain dienes obey 
this endo rule.[17] Moreover, theoretical studies[18] showed that endo addition to the diene is 
energetically more favorable for dienophiles having a conjugated π-system and Diels-Alder 
reactions between trans,trans-1,4-diacetoxy-1,3-butadiene and other conjugated dienophiles 
proceed preferentially with endo addition.[19a-f] 
 
Figure 3.1 
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 Suprisingly, an X-ray analysis of compound 8aI unambiguously indicated a reversed 
preferred selectivity (Figure 3.1). It should be noted that this result contrasts with the 
behavior observed for the related ethoxycarbonyl thioaldehyde, which shows for the same 
diene a diastereoselectivity of only 26% in favor of the endo adduct[19e] (Scheme 3.5). Clearly, 
the sulfine oxygen atom has a profound influence on the stereochemistry of the 
cycloaddition, viz. a reversed and very high selectivity. 
  
S
H CO2Et  
OAc
OAc
+
S
OAc
OAc
H
CO2Et
+
S
OAc
OAc
H
CO2Et
35 % 59 %  
Scheme 3.5 
 
The more reactive bis-(ethoxycarbonyl) sulfine 1c’ smoothly reacted with trans,trans-1,4-
diacetoxy-1,3-butadiene without a Lewis acid catalyst. The two diastereomeric cycloadducts 
(8cI and 8cII) were obtained in an overall yield of only 50%. Both isomers could be 
separated by column chromatography. The stereochemistry of the main product is assumed 
to be as depicted in Table 3.4. In analogy with the other sulfines shown in Table 3.4 the 
cycloaddition behavior of sulfine 1c with 1-acyloxy-1,3-butadiene (vide infra), the preferred 
formation of exo adduct 8cI was believed to be predominant. An unambiguous proof for the 
preferential formation of the (racemic) cycloadduct 8cI, however, is not available. 
 
 
3.4 Diels-Alder reactions with 1-substituted-1,3-butadienes 
 
The reaction of α-oxo sulfines with mono-substituted 1,3-butadienes has an additional 
feature, namely that two regioisomeric cycloadducts can be obtained in addition to endo and 
exo isomers. Hence, the formation of four (racemic) diastereoisomers is theoretically 
possible. The Frontier Molecular Orbital (FMO) theory has often been successfully applied 
for the prediction of the regiochemistry of cycloaddition reactions with unsymmetrically 
substituted dienes.[20] According to the FMO-theory the regioisomeric outcome of the 
cycloaddition is determined by the relative coefficients of those atomic orbitals which are 
involved in the formation of new bonds. Electron-rich dienes have high-energy HOMOs and 
interact strongly with the LUMOs of electron-poor dienophiles. The strongest interaction is 
then between the HOMO of the diene and the LUMO of the dienophile, which is also 
applicable in the present case of α-oxo sulfines as the dienophilic component. Because of this 
interaction, the reactants will be orientated in such a manner that the atom having the 
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 highest coefficients in the two frontier orbitals will start the bonding process, leading to a 
preference for one regioisomer. Calculations showed that for the special case of α-oxo 
sulfines the highest LUMO-coefficient is located at the sulfur.[1f,34]  
 
The use of an excess of isoprene as trapping reagent for in situ generated α-oxo sulfines 
derived form doubly activated methylene compounds has already been described by De 
Laet.[1h] Depending on the substitution pattern of the α-oxo sulfines the corresponding 4- or 
5-methyl-3,6-dihydro-2H-thiopyran S-oxides were obtained with moderate to exclusive 
regioselectivities in yields varying from 28-92%. The preference for the 5-methyl isomer was 
confirmed by an X-ray analysis and is in agreement with the FMO theory. 1-Methoxy- and 1-
trimethylsilyloxy-1,3-butadiene are very reactive dienes in Diels-Alder reactions. Due to the 
presence of a strong electron-donating substituent the HOMO energy of these dienes is 
considerably raised. Therefore, no Lewis acid catalyst is needed to obtain a sufficient 
conversion in a short reaction time, with both singly (1b) and doubly activated (1c) α-oxo 
sulfine. The cycloadducts 9 and 10 were obtained in moderate to high yields (Table 3.5). The 
hetero Diels-Alder reaction with both dienes showed complete regioselectivity. Only 3-
substituted 3,6-dihydro-2H-thiopyran S-oxides 9 and 10 were obtained. It is of interest to 
note that the regiochemistry of the addition of 1-methoxy-1,3-butadiene to α-oxo sulfines is 
opposite to that normally preferred in Diels-Alder reaction with carbonyl dienophiles.[12,19i-
m,21] 
 
Table 3.5 Diels-Alder reactions of methoxycarbonyl sulfines 1 with 1-methoxy or 1-
trimethylsilyloxy-1,3-butadiene 
 
OR2
R1
S
O
CO2Me
+
S
R1
O
OR2
CO2Me
CH2Cl2
1
S
R1
O
OR2
CO2Me
+
9I   (R2 = Me)
10I (R2 = SiMe3)
9II   (R2 = Me)
10II (R2 = SiMe3) 
substrate R1 R2 time (h) products yield (%) ratio I:II 
1b 
1c 
Ph 
MeO2 C 
Mea 
Mea 
     18 
     18 
9bI + 9bII 
9cI + 9cII 
88 
78 
55:45 
58:42 
1b 
1c 
Ph 
MeO2C 
SiMe3b 
SiMe3b 
       4 
       1 
10bI + 10bII 
10cI + 10cII 
 60c 
56 
 n.d.d 
 75:25e 
a A mixture of cis- and trans-1-methoxy-1,3-butadiene (50:50) was used. b Ratio cis/trans 9:91; see Appendix II. c 
Estimated from total yield because of partial hydrolysis. d n.d. = not determined. e Determined by NMR-analysis 
of the crude product. 
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 The outstanding regioselectivity can be explained by the FMO-theory; due to the presence of 
the electron-donating group at C-1, the atomic orbital coefficients of C-1 and C-4 are differing 
that much that a regioselective reaction occurs with α-oxo sulfines 1. The highest HOMO 
coefficient of the diene is located at C-4. As a consequence, the Diels-Alder reaction of these 
dienes is expected to have a preference for the regioisomer wherein the C-1 atom of the 
dienes has reacted with the sulfur atom of the α-oxo sulfine to give the 3-substituted-3,6-
dihydro-2H-thiopyran S-oxides as the exclusive product. The structure of these particular 
regioisomers could be assigned on basis of the chemical shift of the protons at C-6 and is in 
fully agreement with the FMO-theory.  
 
Both regiopure cycloadducts 9 and 10 were obtained as mixture of endo and exo 
diastereoisomers. The diastereomeric 3-methoxy-3,6-dihydro-2H-thiopyran S-oxides 9I and 
9II could be separated by column chromatography. Almost no diastereoselectivity was 
observed for 1-methoxy-1,3-butadiene. This commercially available diene was used as a 
mixture of cis and trans isomers (~50:50). The cis isomer is much less reactive, because the 
cis-diene suffers from steric hindrance between the methoxy group and the hydrogen atom at 
C-4 in the s-cis conformation, which is the reactive conformer in a Diels-Alder reaction 
(Scheme 3.6). It is assumed that this cis compound hardly shows any reaction. Kinetically the 
trans-diene will react much faster and is essentially responsible for the product formation. 
The cis (endo) cycloadducts 9-II and 10-II thus arise from an endo attack of the trans-diene 
(Scheme 3.6), whereas the trans (exo) cycloadducts 9-I and 10-I (not shown) are the result 
of an exo attack of the trans-diene. The low endo/exo selectivity in the Diels-Alder reaction of 
1-methoxy butadiene is probably due to the small size of the methoxy group, which gives only 
little differentiation between the two reaction modes of the trans-diene.  
 
R2O
OR2
S
R1
O
OR2
CO2Me
9II, 10II
OR2
R
S
O
O
MeO
OR2
H S
O
R
O
OMe
s-cis (unfavorable conformation)s-trans
cis
trans
endo
//
exo
cis (endo) products
 
Scheme 3.6 
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 The effect of the steric size of the substituent at C-1 is nicely demonstrated in the Diels-Alder 
reaction α-oxo sulfines 1c with trans-1-trimethylsilyloxy-1,3-butadiene, which gives a much 
better selectivity for the trans (exo) cycloadduct 10cI. It should be mentioned that in general 
1-alkoxy and 1-silyloxy dienes show a lower endo/exo selectivity when compared with 1-
acyloxy dienes.[22] However, in Diels-Alder reactions of 1-substituted dienes with acreolein 
derivatives,[19f,g] acrylates,[19h] or glyoxylates,[19i-m] the cis (endo) isomer was preferentially 
formed following the Alder rule. 
 
The absolute configuration of cycloadduct 9bII was determined by an X-ray analysis (Figure 
3.2). The configuration of the other cycloadducts 9 and 10 was assigned by comparison of 
the spectral data and chromatographic behavior with those of 9bII. 
 
Figure 3.2 
 
The 3-trimethylsilyloxy adducts 10 partly hydrolyzed to the corresponding 3-hydroxy 
analogs during column chromatography on silica. Therefore, it was difficult to determine the 
exact yield and endo/exo selectivity of this reaction (entry 3). The stability of the silyloxy 
adduct could be improved by adding some drops of triethylamine to the mobile phase (entry 
4). The 3,6-dihydro-2H-thiopyran S-oxides 10b and 10c were obtained in a moderate overall 
yields (Table 3.5). 
 
Finally, 1-acetoxy, 1-alkoxycarbamoyl and 1-alkoxycarbonyl substituted 1,3-butadienes were 
allowed to react with several α-oxo sulfines. In all cases the more reactive trans isomer of the 
substituted dienes was used (see Appendix II) except for sulfine 1c. The results are collected 
in Table 3.6. In all cases a mixture of three or four diastereomeric 3,6-dihydro-2H-thiopyran 
S-oxides 11-20 was obtained in an overall yield ranging from 29 to 86%. In contrast to 1-
methoxy and 1-trimethylsilyloxy-1,3-butadiene the hetero Diels-Alder reaction with 1-
acyloxy-1,3-butadienes are not entirely regioselective. Nevertheless, the formation of 3-
substituted cycloadducts (odd numbers) is preferred over the 6-substituted analogs. In 
general, α-oxo sulfines 1b and 1c showed better selectivities than sulfine 1a. This is also in 
 74
 agreement with the FMO-theory, because the difference between the LUMO coefficients of 
the sulfine carbon and sulfur atom is increased by electron-withdrawing sulfine substituents. 
 
 
                     
                 11aI                                                 12bI                                              11cII 
 
 
 
 
Figure 3.3 
 
For some cycloadducts the spatial position of all substituents at the six-membered ring was 
unambiguously assigned by an X-ray analysis (Figure 3.3 and Appendix I). The configuration 
of the other cycloadducts could be deduced by relating these structures with those 
established by X-ray analysis. For both regioisomers, the adducts formed via an exo-addition 
were again preferred, i.e. the acyloxy substituent is positioned trans with respect to the 2-
methoxycarbonyl group and cis to the sulfoxide oxygen.  
 
Unexpectedly, the same exo selectivity was observed for the cycloaddition of α-oxo sulfines 1 
with trans-trans-1,4-diacetoxy-1,3-butadiene (Table 3.4) and to a lesser extent with 1-
methoxy or 1-silyloxy dienes (Table 3.5). A clear explanation for the nature of the reversed 
selectivity of the Diels-Alder reaction with α-oxo sulfines compared with other similar 
dienophiles (e.g. acrylates, thioaldehydes) can not be given, but it must arise from favorable 
electrostatic interactions in the exo transition state, involving the electronegative sulfine 
oxygen atom and the oxygen-containing substituent of the diene. Generally, the endo/exo 
ratio’s of the 3-acyloxy cycloadducts (odd numbers) arising from a 'meta' addition were 
significantly higher than those observed for their 6-substituted analogs (even numbers). As 
mentioned before, the increased endo/exo selectivity of 1-acyloxy dienes as compared with 1-
alkoxy and 1-silyloxy dienes is consistent with observations in the literature.[22] 
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 Table 3.6 Diels-Alder reactions of methoxycarbonyl sulfines 1 with 1-acyloxy-1,3-butadienes 
 
OR2
R1
S
O
CO2Me
+
CH2Cl2
1
catalyst (10 mol%) S
R1
O
OR2
CO2Me
+
11,13,15,17,19-II11,13,15,17,19-I
S
R1
O
OR2
CO2Me
+
S
R1
O
OR2
CO2Me
+
12,14,16,18,20-I
S
R1
O
OR2
CO2Me
12,14,16,18,20-II
3-substituted products 6-substituted products  
 
substr
. 
R1 R        2 catalyst time
(h) 
T 
 (°C) 
products Yield
 (%) 
ratioa 
I:II 
products Yield
(%) 
ratioa 
I:II 
1a 
1a 
1b 
1b 
1c 
Me 
Me 
Ph 
Ph 
MeO2C 
Ac 
Ac 
Ac 
Ac 
Ace 
- 
SnCl4 
- 
SnCl4 
- 
    48 
      1 
    48 
      1 
    18 
refluxb 
-25→rt 
refluxb 
-25→rt 
        rt 
11aI+11aII 
11aI+11aII 
11bI+11bII 
11bI+11bII 
11cI+11cII 
tracec 
61 
tracec 
64 
48 
- 
 >95:5d 
- 
 75:25d 
 80:20d 
12aI+12aII 
12aI+12aII 
12bI+12bII 
12bI+12bII 
12cI+12cII 
tracec 
25 
tracec 
16 
11 
- 
 60:40d 
- 
 60:40d 
60:40 
1a 
1b 
1b 
1b 
Me 
Ph 
Ph 
Ph 
C(=O)OEt 
C(=O)OEt 
C(=O)OCH2CCl3 
C(=O)OCH2CH=CH2 
SnCl4 
SnCl4 
- 
- 
    18 
    18 
    72 
    72 
-25→rt 
-25→rt 
        rt 
        rt 
13aI+13aII 
13bI+13bII 
15bI+15bII 
17bI+17bII 
30 
53 
46 
20 
>95:5 
  95:5 
>95:5 
 85:15 
14aI+14aII 
14bI+14bII 
16bI+16bII 
18bI+18bII 
25 
16 
17 
  9 
60:40 
75:25 
75:25 
80:20 
1b Ph     C(=O)NEt2 SnCl4     18 -25→rt 19bI+19bII 68  >95:5 20bI+20bII   4 >95:5 
a Determined by NMR(300 MHz), unless mentioned otherwise. b Toluene was used as the solvent. c Detected on TLC, not isolated. d The exo (I) and endo (II) isomers could be 
completely separated by flash column chromatography. e Commercially available 1-acetoxy-1,3-butadiene was used.
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 The reduced reactivity of acyloxybutadienes in comparison with their alkoxy and silyloxy 
analogs can be attributed to the lower HOMO energy of the former. In case of 1-acetoxy-1,3-
butadiene Lewis acid catalysis was necessary to obtain a sufficient reactivity with α-oxo 
sulfines 1a and 1b. These diene/sulfine combinations showed severe decomposition when 
the reaction mixture was heated under reflux in toluene. The more reactive doubly activated 
α,α'-dioxo sulfine 1c reacted smoothly in the absence of tin(IV) chloride. The presence of 10 
mol% of Lewis acid alsoconsiderably accelerated the cycloaddition between α-oxo sulfines 1 
and carbamate- or carbonate dienes. When allyl- or trichloroethyl substituted carbonate 
butadienes were applied, the addition of tin(IV) chloride, however, led to severe 
decomposition of these dienes. Nevertheless, the corresponding cycloadducts 15-18 could be 
isolated after prolonged stirring at ambient temperature. 
 
The best overall result was obtained with methoxycarbonyl phenyl sulfine 1b in combination 
with trans-1-diethylcarbamoxyloxy-1,3-butadiene. An overall yield of 72% was obtained with 
a regioselectivity of 89% and a diastereoselectivity of more than 90%. 
 
 
3.5 Concluding remarks 
 
Isolated α-oxo sulfines are suitable substrates for further synthetic elaboration. Reaction of a 
selection of α-oxo sulfines with alkyllithiums led to a diastereomeric mixture of sulfoxides 
arising from a thiophilic addition of alkyllithium. Neither α-alkylation or a carbophilic 
addition, nor a reaction involving the carbonyl moiety was observed. 
 
A series of α-oxo sulfines was investigated in the Diels-Alder reaction with a wide range of 
(substituted) 1,3-dienes affording functionalized 3,6-dihydro-2H-thiopyran S-oxides. In all 
cases, the initial geometry of the α-oxo sulfine is retained in the cycloadduct. Generally, the 
yields of the cycloaddition reactions were significantly higher than those obtained for the 
corresponding additions in situ. The reactivity as well as the selectivity strongly depends on 
the nature of both the α-oxo sulfine and the 1,3-diene. When a particular Diels-Alder reaction 
was rather sluggish, tin(IV) chloride could be used as an effective catalyst. The cycloaddition 
of α-oxo sulfines with 1,3-cyclohexadiene showed a preference for endo-addition, however 
the endo/exo selectivity was unfavorably influenced by a Lewis acid catalyst. The Diels-Alder 
reaction between α-oxo sulfines and acetoxy-, methoxy- and silyloxy substituted 1,3-dienes, 
unexpectedly, turned out to be predominantly exo-selective. This is in sharp contrast with 
cycloaddition reactions of these dienes with other hetero dienophiles (e.g. acrylates, 
glyoxylates, thioaldehydes, or acrolein derivatives), where endo-addition is preferred.[19] The 
reversed endo/exo selectivity most likely arises from electrostatic interactions in the 
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 transition state, but further research is needed to establish the exact nature of this deviating 
selectivity. The cycloaddition of α-oxo sulfines and 1-methoxy and 1-silyloxy dienes is 
completely regioselective, whereas mixtures of regioisomers were obtained with 1-acyloxy-
1,3-butadienes.  
 
In summary, the Diels-Alder reaction of α-oxo sulfines with various 1,3-dienes afforded 
highly functionalized 3,6-dihydro-2H-thiopyran S-oxides which are of interest for further 
synthetic elaboration, as will be described in Chapters 5 and 6. 
 
 
3.6 Experimental 
 
General remarks 
The glassware used was oven-dried, assembled under argon, and further dried with a heatgun. All 
reactions were carried out in an inert atmosphere of argon. Chromatography was carried out with a 
column (length 15-25 cm and diameter 1-4 cm), using Merck Kieselgel 60 at atmospheric pressure. 
Flash chromatography was carried out at a pressure of ca. 1.5 bar with a column (length 15 - 25 cm 
and diameter 1 - 4 cm), using Merck Kieselgel 60H. Thin layer chromatography (TLC) was carried out 
with Merck precoated silicagel 60 F254 plates (layer thickness 0.25 mm). Spots were visualized with 
UV or by treatment with molybdate reagent. GLC was conducted with a Hewlett-Packard HP5890II 
gas chromatograph, using a capillary column (HP1, 25m × 0.31mm × 0.17µm), a temperature 
program: 100-250°C at a rate of 15°C/min, and nitrogen at 2 mL/min (0.5 atm.) as the carrier gas. 
Melting points were measured with a Reichert Thermopan microscope and are uncorrected. The 1H- 
and 13C-NMR spectra were recorded on a Bruker AC 100 (FT), on a Bruker AC 300 (FT) spectrometer, 
or on a Bruker AC 400 (FT) spectrometer. The chemical shifts (δ) are given in ppm relative to the 
internal standard (Me4Si for 1H-NMR, CDCl3 for 13C-NMR). IR spectra were recorded on a Perkin-
Elmer 298 infrared spectrophotometer. The wave numbers (ν) are given in cm-1. For (high resolution) 
mass spectra a double focusing VG7070E mass spectrometer was used. Electron impact (EI) or 
chemical ionization (CI, ionization gas: CH4) was used as ionization mode. GC-MS spectra were run 
on a Varian Saturn 2 GC-MS ion-trap system. GC separations were carried out on a fused-silica 
capillary column (DB-5, 30m × 0.25mm). Helium was used as carrier gas and electron impact (EI) 
was used as ionization mode. Elemental analyses were performed on a Carlo Erba Instruments CHNS-
O EA 1108 element analyzer. For the nomenclature of the cyclic stereoisomers of the 3,6-dihydro-2H-
thiopyran S-oxides, the rules as described in reference 37 were applied. 
 
Solvents 
Tetrahydrofuran (THF) was freshly distilled from lithium aluminium hydride. Dichloromethane was 
distilled from phosphorus pentoxide. Hexane was distilled from calcium hydride. Ethyl acetate was 
distilled from potassium carbonate. 
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 Reagents 
n-Butyllithium was purchased from Merck as a 1.6 M solution in hexanes. Methyllitium was purchased 
from Fluka as a 1.6 M solution in diethyl ether. Crotonic aldehyde was freshly distilled at atmospheric 
pressure. 1-Methoxy-1,3-butadiene was purchased as a mixture of cis and trans isomers (~50:50). 
Commercially available 1-acetoxy-1,3-butadiene was used as a mixture of cis and trans isomers (2:1). 
The synthesis of α-oxo sulfines 1 was described in the Experimental Section of Chapter 2. The sulfines 1a, 
1b, 1c, 1d, 1f, 1g and 1h are corresponding with compounds 3g, 3h, 7a, 3d, 3l, 3j and 3o, respectively, in 
Chapter 2. All other reagents were purchased and used as obtained. 
 
General procedure for the reaction of α-oxo sulfines 1 with alkyllithiums 
A solution of the α-oxo sulfine 1 in tetrahydrofuran (ca. 10 mL/mmol) was cooled to -78°C. The 
alkyllithium (1.0 equiv.; see Table 3.1) was slowly added by a syringe. The mixture was stirred at -78°C 
for a period of 30 min. Then, the reaction mixture was quenched with an electrophile (see Table 3.1) 
and allowed to reach ambient temperature. Next, the mixture was extracted three times with 
dichloromethane. Finally, the combined organic layers were washed once with water, dried over 
MgSO4, and concentrated in vacuo. The resulting crude product was purified by column 
chromatography. 
 
Methyl 2-(methylsulfinyl)-2-phenyl acetate 2b 
Starting from methoxycarbonyl phenyl sulfine 1b (0.31 g, 1.60 mmol), n-butyllithium (1.0 equiv), and 
quenching with a saturated aqueous solution of ammonium chloride, compound 2b was obtained as 
colorless liquid (0.39 g, 96%) after column chromatography with hexane / ethyl acetate (1:1 v/v). 
Compound 2b consisted of two diastereoisomers in a ratio of 60:40 (NMR). 
IR(CCl4): ν 1735 (C=O), 1075 (S=O). 1H-NMR(100 MHz, CDCl3): δ 0.89 (s, 3H, CH2-(CH2)2-CH3), 1.18-
1.88 (m, 4H, CH2-(CH2)2-CH3), 2.37-2.92 (m, 2H, CH2-(CH2)2-CH3), 3.79 (s, 3H, OCH3), 4.61 (s, 1H, CH, 
syn), 4.71 (s, 1H, CH, anti), 7.41 (br. s, 5H, arom. H). 
 
2-(Methylsulfinyl)-1-phenyl-1-propanone 2d 
Starting from E-benzoyl methyl sulfine 1d (0.29 g, 1.60 mmol), methyllithium (1.0 equiv), and 
quenching with a saturated aqueous solution of ammonium chloride, compound 2d was obtained as 
colorless liquid (0.15 g, 48%) after column chromatography with hexane / ethyl acetate (1:1 v/v). 
Compound 2d consisted of two diastereoisomers in a ratio of 60:40 (NMR). Recrystallization from 
diisopropyl ether gave an analytically pure single diastereoisomer of 2d. 
Single diastereoisomer: Mp. 68-69°C. IR(KBr): ν 1670 (C=O), 1040 (S=O). 1H-NMR(300 MHz, CDCl3): δ 
1.63 (d, 3J=7.2 Hz, 3H, CH-CH3), 2.54 (s, 3H, S-CH3), 4.67 (q, 3J=7.2 Hz, 1H, CH-CH3), 7.50-8.01 (m, 5H, 
arom. H). 13C-NMR(75 MHz, CDCl3): δ 12.5 (CH-CH3), 36.1 (S-CH3), 63.3 (CH-CH3), 128.9 and 129.0 
(arom. Cortho+meta), 134.2 (arom. Cpara), 136.0 (arom Ci), 196.4 (C=O). GC-MS(EI): m/e 196 (M+, <1%), 178 
(27%), 149 (15%), 145 (14%), 135 (18%), 105 (C6H5C(=O)+, 100%), 77 (C6H5+, 97%). Elemental analysis: 
calculated for C10H12O2S (196.270): C 61.20, H 6.16, S 16.34; found C 61.32, H 6.02, S 15.47. 
 
General procedure for the Diels-Alder reactions of α-oxo sulfines 1 without Lewis acid catalyst 
To a solution of the α-oxo sulfine 1 in dichloromethane (ca. 5 mL/mmol) was added at once the diene of 
choice (see Tables 3.2-3.6). After stirring at ambient temperature for the indicated time the reaction 
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 mixture was concentrated in vacuo. The resulting crude product was purified using column 
chromatography. 
 
General procedure for the Diels-Alder reactions of α-oxo sulfines 1 with tin(IV) chloride 
Tin(IV) chloride (10 mol%) was added in one portion to a solution of the α-oxo sulfine 1 in 
dichloromethane (ca. 5 mL/mmol). After stirring for a period of 15 min the diene of choice (see Tables 3.2, 
3.4 and 3.6) was added in one portion. Next, the reaction mixture was allowed to reach ambient 
temperature and was stirred for the indicated time. Finally, the reaction mixture was concentrated in 
vacuo. The resulting crude product was purified by column chromatography. 
 
trans-2-Methoxycarbonyl-2-methyl-3,6-dihydro-2H-thiopyran S-oxide (3a)   
Starting from E-methoxycarbonyl methyl sulfine 1a (5.75 g, 42.9 mmol) and 1,3-butadiene (excess), 
compound 3a was obtained as a colorless liquid (5.65 g, 70 %) after column chromatography with hexane 
/ ethyl acetate (2:1→0:1, v/v).  
Alternatively, starting from compound 1a (0.67 g, 5.0 mmol), 1,3-butadiene (excess) and SnCl4 (10 mol%), 
compound 3a was obtained as white solid (0.90 g, 96%) after column chromatography with hexane / 
ethyl acetate (1:1→1:3, v/v).  
IR(CCl4): ν 1730 (C=O), 1050 (S=O). 1H-NMR(100 MHz, CDCl3): δ 1.62 (s, 3H, C-CH3), 2.40-2.70 (m, 2H, 
C-CH2-C), 3.29 (A of AB, br. d, 2J=18.0 Hz, 1H, C-CHAHB-S), 3.50 (B of AB, br. d, 2J=18.0 Hz, 1H, C-
CHAHB-S), 3.77 (s, 3H, OCH3), 5.52-5.97 (m, 2H, CH-CH). 13C-NMR(75 MHz, CDCl3): δ 19.6 (C-CH3), 27.4 
(C-CH2-C), 44.9 (C-CH2-S), 52.8 (CO2CH3), 59.9 (C-CH3), 116.4 and 126.8 (CH=CH), 171.8 (C=O). MS(CI): 
m/e 189 (M++1, 100%), 188 (M+, 19%), 140 (63%), 189 (M+-CO2CH3, 5%). Elemental analysis: calculated 
for C8H12O3S (188.240): C 51.05, H 6.43, S 17.03; found C 50.40, H 6.54, S 17.05. 
  
trans-2-Methoxycarbonyl-2-phenyl-3,6-dihydro-2H-thiopyran S-oxide (3b) 
Starting from compound 1b (4.9 g, 25.0 mmol), 1,3-butadiene (excess) and SnCl4 (10 mol%), compound 
3b was obtained as white solid (5.5 g, 88%) after column chromatography with hexane / ethyl acetate 
(1:1→1:3, v/v). Recrystallization from diisopropyl ether provided an analytically pure sample of 3b. All 
analyses were in agreement with those of compound 4hII in Chapter 2. 
 
2,2-Dimethoxycarbonyl-3,6-dihydro-2H-thiopyran S-oxide (3c) 
Starting from bis(methoxycarbonyl) sulfine 1c (4.45 g, 25 mmol) and 1,3-butadiene (excess), compound 
3c was obtained as a pale yellow oil (3.31 g, 57 %) after column chromatography with hexane / ethyl 
acetate (2:1→0:1, v/v).  
Mp. 51-52°C. IR(KBr): ν 1730 (C=O), 1055 (S=O). 1H-NMR(100 MHz, CDCl3): δ 2.74-3.78 (m, 4H, C-CH2-
C and C-CH2-S), 3.79 and 3.88 (s, 3H, OCH3), 5.57-5.70 and 5.89-6.04 (m, 1H, =CH). 13C-NMR(25 MHz, 
CDCl3): δ 22.1 (t, C-CH2-C), 45.2 (t, C-CH2-S=O), 53.5 and 53.8 (q, CO2CH3), 69.4 (s, C(CO2CH3)2), 116.5 
and 125.4 (d, CH=CH), 165.8 and 165.9 (s, C=O). MS(CI): m/e 233 (M++1, 100%), 232 (M+, 11%), 201 (M+-
OCH3, 22%), 184 (M+-S=O, 42%), 173 (M+-CO2CH3, 4%), 152 (52%), 124 (12%). Elemental analysis: 
calculated for C9H12O5S (232.257): C 46.54, H 5.21, S 13.81; found C 46.94, H 5.09, S 13.72. 
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 trans-2-Methoxycarbonyl-2,4,5-trimethyl-3,6-dihydro-2H-thiopyran S-oxide (4a) 
Starting from E-methoxycarbonyl methyl sulfine 1a (3.50 g, 26.1 mmol) and 2,3-dimethyl-1,3-butadiene 
(2 equiv.), compound 4a was obtained as a yellowish oil (4.82 g, 85%) after column chromatography with 
hexane / ethyl acetate (4:1→0:1, v/v). The product solidified upon standing. Recrystallization from 
diisopropyl ether provided an analytically pure sample of 4a.  
Mp. 59-60°C. Lit.[1f] oil. IR(KBr): ν 1735 (C=O), 1045 (S=O). All other analyses were in agreement with 
those reported in the literature.[1f]  
 
trans-2-Isopropyl-2-methoxycarbonyl-4,5-dimethyl-3,6-dihydro-2H-thiopyran S-oxide (4f) 
Starting from E-isopropyl methoxycarbonyl sulfine 1f (0.65 g, 4.0 mmol) and 2,3-dimethyl-1,3-butadiene 
(1.1 equiv.), compound 4f was obtained as a white solid (0.78 g, 80%) after column chromatography with 
hexane / ethyl acetate (2:1→1:1, v/v). Recrystallization from diisopropyl ether / hexane provided an 
analytically pure sample of 4f.  
Mp. 77-78°C. IR(KBr): ν 1720 (C=O), 1040 (S=O). 1H-NMR(100 MHz, CDCl3): δ 1.06 and 1.13 (d, 3J=4.1 
Hz, 3H, CH-CH3), 1.72 and 1.75 (br. s, 3H, C=C-CH3), 2.10-2.45 (m, 1H, CH), 2.55 (br. s, 2H, C-CH2-C), 
3.16 (A of AB, br. d, 2J=17.8 Hz, 1H, C-CHAHB-S), 3.38 (B of AB, br. d, 2J=17.8 Hz, 1H, C-CHAHB-S), 3.71 (s, 
3H, OCH3). 13C-NMR(25 MHz, CDCl3): δ 17.0 and 17.9 (q, CH-CH3), 19.2 and 20.3 (q, C=C-CH3), 29.7 (t, 
C-CH2-C), 31.1 (d, CH), 49.4 (t, C-CH2-SO), 51.8 (q, OCH3), 67.7 (s, S-C-CH2), 114.9 and 126.3 (s, CH3-
C=C-CH3), 170.1 (s, C=O). MS(CI): m/e 245 (M++1, 100%), 244 (M+, 12%), 181 (46%), 150 (27%), 135 
(35%). Elemental analysis: calculated for C12H20O3S (244.354): C 58.89, H 8.25, S 13.12; found C 59.08, H 
8.29, S 12.81. 
 
trans-2-Methoxycarbonyl-2-(2-phenyl)ethyl-4,5-dimethyl-3,6-dihydro-2H-thiopyran S-oxide (4g) 
Starting from E-methoxycarbonyl (2-phenylethyl) sulfine 1g (0.22 g, 1.0 mmol) and 2,3-dimethyl-1,3-
butadiene (1.1 equiv.), compound 4g was obtained as a slightly yellow oil (0.26 g, 86%) after column 
chromatography with hexane / ethyl acetate (2:1→1:1, v/v).  
IR(CCl4): ν 1720 (C=O), 1045 (S=O). 1H-NMR(100 MHz, CDCl3): δ 1.72 (br. s, 6H, H3C-C=C-CH3), 1.90-
3.60 (m, 8H, 4×CH2), 3.67 (s, 3H, OCH3), 7.20-7.26 (m, 5H, arom. H). MS(CI): m/e 307 (M++1, 53%), 215 
(M+-CH2Ph, 30%), 105 (CH2CH2Ph+, 16%), 91 (CH2Ph+, 100%). 
 
trans-2-Hexadecyl-2-methoxycarbonyl-4,5-dimethyl-3,6-dihydro-2H-thiopyran S-oxide (4h) 
Starting from E-hexadecyl methoxycarbonyl sulfine 1h (0.69 g, 2.0 mmol) and 2,3-dimethyl-1,3-
butadiene (2.0 equiv.), compound 4h was obtained as a white solid (0.23 g, 27%) after column 
chromatography with hexane / ethyl acetate (3:1→2:1, v/v). 
Mp. 67-68°C. IR(KBr): ν 1720 (C=O), 1745 (S=O). 1H-NMR(100 MHz, CDCl3): δ 0.82 (br. t, 3J=6.5 Hz, 
CH2(CH2)14CH3), 1.20 (br. s, 28H, CH2(CH2)14CH3), 1.64 (br. s, 6H, H3C-C=C-CH3), 1.83-2.64 (m, 4H, 
CH2(CH2)14CH3 and C-CH2-C), 3.12 (A of AB, br. d, 2J=18.1 Hz, 1H, C-CHACHB-S), 3.36 (B of AB, br. d, 
2J=18.1 Hz, 1H, C-CHACHB-S), 3.66 (s, 3H, OCH3). 13C-NMR(25 MHz, CDCl3): δ 14.1 (q, (CH2)16-CH3), 19.4 
and 20.2 (q, C=C-CH3), 22.7, 23.9, 29.3, 29.4, 29.5, 29.6, 29.7, 31.7, 31.9, 34.4 (t, and (CH2)16-CH3 and C-
CH2-C), 49.8 (t, C-CH2-SO), 52.4 (q, OCH3), 64.2 (s, S-C-CH2), 115.6 and 126.3 (s, CH3-C=C-CH3), 171.4 (s, 
C=O). Elemental analysis: calculated for C25H46O3S (426.704): C 70.37, H 10.87, S 7.51; found C 70.41, H 
11.20, S 6.87. 
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 3-endo-Benzoyl-3-exo-methyl-2-thia-bicyclo[2.2.0]oct-5-ene 2-exo-oxide (5d) 
3-exo-Benzoyl-3-endo-methyl-2-thia-bicyclo[2.2.0]oct-5-ene 2-endo-oxide (6d) 
Starting from E-benzoyl methyl sulfine 1d (0.36 g, 1.0 mmol) and 1,3-cyclohexadiene (2.0 equiv.), 
compound 5d ('fast moving') was obtained as a slightly yellow solid (0.45 g, 86%) and compound 6d 
('slow moving') was obtained as a yellowish oil (0.06 g, 12%) after separation by flash column 
chromatography with hexane / ethyl acetate (4:1→2:1, v/v). Recrystallization from tetrachloromethane / 
hexane provided an analytically pure sample of 5d as colorless crystals. 
Compound 5d: Mp. 109-110°C. IR(KBr): ν 1675 (C=O), 1050 (S=O). 1H-NMR(100 MHz, CDCl3): δ 1.23-
2.71 (m, 4H, 2×CH2), 1.67 (s, 3H, C-CH3), 3.32 (br. m, 1H, C-CH), 3.92 (br. m, 1H, S-CH), 5.86 (t, 3J=7.7 
Hz, 1H, C=CH), 6.82 (t, 3J=7.2 Hz, C=CH), 7.30-7.63 (m, 3H, arom. Hmeta and Hpara), 7.99-8.09 (m, 2H, 
arom. Hortho). Elemental analysis: calculated for C15H16O2S (260.356): C 69.20, H 6.19, S 12.32; found C 
69.02, H 6.04, S 11.84. 
Compound 6d: IR(CCl4): ν 1670 (C=O), 1060 (S=O). 1H-NMR(100 MHz, CDCl3): δ 1.25-2.72 (m, 4H, 
2×CH2), 1.67 (s, 3H, C-CH3), 3.54 (br. m, 1H, C-CH), 4.04 (br. m, 1H, S-CH), 6.35 (t, 3J=7.1 Hz, 1H, 
C=CH), 6.72 (t, 3J=6.9 Hz, C=CH), 7.42-7.59 (m, 3H, arom. Hmeta and Hpara), 7.96-8.06 (m, 2H, arom. 
Hortho). 
 
3-exo-(2-Phenyl)ethyl-3-endo-methoxycarbonyl-2-thia-bicyclo[2.2.0]oct-5-ene 2-exo-oxide (5g) 
3-endo-(2-phenyl)ethyl-3-exo-methoxycarbonyl-2-thia-bicyclo[2.2.0]oct-5-ene 2-endo-oxide (6g) 
Starting from E-methoxycarbonyl (2-phenyl)ethyl sulfine 1g (0.22 g, 1.0 mmol) and 1,3-cyclohexadiene 
(2.0 equiv.), compound 5g ('fast moving') was obtained as a slightly yellow solid (0.20 g, 66%) and 
compound 6g ('slow moving') was obtained as a yellowish oil (0.05 g, 16%) after separation by column 
chromatography with hexane / ethyl acetate (2:1, v/v). Recrystallization from toluene provided an 
analytically pure sample of 5g as colorless crystals. Alternatively, starting from E-methoxycarbonyl (2-
phenyl)ethyl sulfine 1g (0.22 g, 1.0 mmol), zinc(II) chloride (100 mol%) and 1,3-cyclohexadiene (2.0 
equiv.), compound 5g ('fast moving') was obtained as a slightly yellow solid (100 mg, 33%) and compound 
6g ('slow moving') was obtained as a yellowish oil (94 mg, 31%) after separation by column 
chromatography with hexane / ethyl acetate (2:1, v/v).  
Compound 5g: Mp. 115-117°C. IR(KBr): ν 1730 (C=O), 1055 (S=O). 1H-NMR(300 MHz, CDCl3): δ 1.88-
2.51 (m, 8H, 4×CH2), 3.26 (br. m, 1H, C-CH), 3.71 (s, 3H, OCH3), 3.86 (br. m, 1H, S-CH), 5.98 and 6.73 (t, 
3J=7.8 Hz, 1H, C=CH), 7.23 (br. s, 5H, arom. H). MS(CI): m/e 305 (M++1, 61%), 105 (CH2CH2Ph+, 31%), 
91 (CH2Ph+, 100%). Elemental analysis: calculated for C17H20O3S (304.410): C 67.08, H 6.62, S 10.53; 
found C 66.72, H 6.38, S 10.19. 
Compound 6g: IR(CCl4): ν 1720 (C=O), 1040 (S=O). 1H-NMR(100 MHz, CDCl3): δ 1.0-2.9 (m, 8H, 
4×CH2), 3.2 (br. m, 1H, C-CH), 3.81 (s, 3H, OCH3), 4.1 (br. m, 1H, S-CH), 6.24 and 6.61 (t, 3J=7.3 Hz, 1H, 
C=CH), 7.21 (br. s, 5H, arom. H). MS(CI): m/e 305 (M++1, 10%), 105 (CH2CH2Ph+, 30%), 91 (CH2Ph+, 
100%). HR-MS(EI): m/e calculated for C17H20O3S (M++1): 305.1211 amu; found: 305.1212 amu. 
 
'Chemical' assignment of the configuration of 5g and 6g 
To a solution of compound 5g (105 mg, 0.345 mmol) in tetrahydrofuran / water (1:1, v/v, 10 mL) was 
added lithium hydroxide (17 mg, 0.69 mmol) and the reaction mixture was stirred at ambient temperature 
for a period of 6 days. Then, the mixture was neutralized with an aqueous solution of hydrogen chloride 
(0.1 N) and extracted three times with diethyl ether. The combined organic layers were subsequently 
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 washed with water, dried over MgSO4 and concentrated in vacuo. A part of the resulting crude product 
(68 mg, 0.234 mmol) was dissolved in water (5 mL) and sodium bicarbonate (58 mg, 0.69 mmol), iodine 
(117 mg, 0.46 mmol), and potassium iodide (230 mg, 1.38 mmol) were added. The reaction mixture was 
stirred at ambient temperature under exclusion of light for a period of 1 day. Next, an aqueous solution of 
sodium disulfite (2% w/v, 5 mL) was added and the mixture was extracted three times with 
dichloromethane. The combined organic layers were washed with a saturated aqueous solution of sodium 
bicarbonate, dried over MgSO4 and concentrated in vacuo. The crude product was purified by column 
chromatography with hexane / ethyl acetate (2:1, v/v) affording 10-iodo-3-exo-(2-phenyl)ethyl-5-oxa-2-
thia-tricyclo[4.3.1.0]decan-4-one 2-exo-oxide 7 (40 mg. 41%) as an oil. 
Compound 7: 1H-NMR(100 MHz, CDCl3): δ 1.8-3.0 (m, 9H, 4×CH2 and C(I)H), 3.51 (br. m, 1H, C-CH), 
4.36 (br. m, 1H, S-CH), 5.06 (m, 1H, C(-O-)H, 7.24 (br. s, 5H, arom. H). MS(CI): m/e 417 (M++1, 2%), 241 
(100%), 240 (99%), 91 (CH2Ph+, 59%).  
The same reaction sequence starting from compound 6g did not give any iodolactonized product (cf. 
7). 
 
c-3,c-6-Diacetoxy-t-2-methoxycarbonyl-c-2-methyl-3,6-dihydro-2H-thiopyran r-S-oxide (8aI) 
t-3,t-6-Diacetoxy-t-2-methoxycarbonyl-c-2-methyl-3,6-dihydro-2H-thiopyran r-S-oxide (8aII) 
Starting from E-methoxycarbonyl methyl sulfine 1a (0.27 g, 2.0 mmol), trans,trans-1,4-diacetoxy-1,3-
butadiene (1.0 equiv.) and SnCl4 (10 mol%), compound 8aI was obtained as white solid (0.50 g, 82%) 
after purification by column chromatography with hexane / ethyl acetate (3:1→1:1, v/v). Recrystallization 
from diisopropyl ether afforded a pure sample of 8aI. Compound 8aII was not detected (TLC, NMR). 
Compound 8aI: IR(KBr): ν 1740 (C=O), 1050 (S=O). 1H-NMR(300 MHz, CDCl3): δ 1.61 (s, 3H, C-CH3), 
2.12 (s, 3H, 3-OC(=O)CH3), 2.24 (s, 3H, 6-OC(=O)CH3), 3.83 (s, 3H, CO2CH3), 5.85-5.90 (m, 2H, 
CH=CH), 6.01-6.07 (m, 1H, CH=CH-CH-C), 6.21-6.23 (m, 1H, CH=CH-CH-S). 13C-NMR(75 MHz, CDCl3): 
δ 12.2 (C-CH3), 20.4 and 20.6 (C(=O)CH3), 53.7 (CO2CH3), 66.7 (C-CH3), 68.6 (CH=CH-CH-C), 77.3 
(CH=CH-CH-S), 121.7 and 131.1 (CH=CH), 169.1, 169.4 and 169.7 (C=O). MS(CI): m/e 305 (M++1, 8%), 
304 (M+, 4%), 256 (M+-S=O, 2%), 245 (M+-OAc or M+-CO2CH3, 9%), 203 (46%), 185 (48%), 155 (44%), 
154 (100%), 153 (88%), 135 (47%), 125 (24%), 95 (34%), 87 (21%). For an X-ray analysis see Figure 3.1 and 
Appendix I. 
 
c-3,c-6-Diacetoxy-t-2-methoxycarbonyl-c-2-phenyl-3,6-dihydro-2H-thiopyran r-S-oxide (8bI)   
t-3,t-6-Diacetoxy-t-2-methoxycarbonyl-c-2-phenyl-3,6-dihydro-2H-thiopyran r-S-oxide (8bII) 
Starting from E-methoxycarbonyl phenyl sulfine 1b (0.39 g, 2.0 mmol), trans,trans-1,4-diacetoxy-1,3-
butadiene (1.0 equiv.) and SnCl4 (10 mol%), compound 8bI was obtained as white solid (0.58 g, 80%) 
after purification by column chromatography with hexane / ethyl acetate (3:1→1:1, v/v). Recrystallization 
from diisopropyl ether afforded a pure sample of 8bI. A trace (ca. 5%, NMR) of compound 8bII was 
detected. 
Compound 8bI: MS(CI): m/e 367 (M++1, 9%), 366 (M+, 5%), 318 (M+-S=O, 77%), 307 (M+-OAc or M+-
CO2CH3, 6%), 265 (48%), 247 (33%), 216 (72%), 215 (40%), 197 (64%), 187 (87%), 157 (100%), 118 (53%), 
107 (48%), 61 (50%).  
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 t-3,t-6-Diacetoxy-2,2-diethoxycarbonyl-3,6-dihydro-2H-thiopyran r-S-oxide (8cI) 
c-3,c-6-Diacetoxy-2,2-diethoxycarbonyl-3,6-dihydro-2H-thiopyran r-S-oxide (8cII) 
Starting from bis(ethoxycarbonyl) sulfine 1c' (0.41 g, 2.0 mmol), trans,trans-1,4-diacetoxy-1,3-butadiene 
(1 equiv.) and SnCl4 (10 mol%), compound 8cI ('slow moving') was obtained as white solid (0.35 g, 47%) 
and compound 8cII ('fast moving') was obtained as a yellowish oil (25 mg, 3%) after separation by column 
chromatography with hexane / ethyl acetate (1:1→1:3, v/v). 
Compound 8cI: Mp. 106-108°C. IR(KBr): ν 1750 and 1730 (C=O), 1045 (S=O). 1H-NMR(100 MHz, 
CDCl3): δ 1.32 (t, 3J=7.1 Hz, 6H, 2×CO2CH2CH3), 2.06 (s, 3H, 3-OC(=O)CH3), 2.26 (s, 3H, 6-OC(=O)CH3), 
4.21-4.48 (m, 4H, 2×CO2CH2CH3), 5.61-6.42 (m, 4H, CH-CH=CH-CH). MS(CI): m/e 377 (M++1, 19%), 
376 (M+, 15%), 317 (M+-OAc, 10%), 226 (71%), 180 (46%). Elemental analysis: calculated for C15H20O9S 
(276.384): C 47.87, H 5.36, S 8.52; found C 48.12, H 5.25, S 8.34. 
Compound 8cII: IR(CCl4): ν 1755 and 1730 (C=O), 1040 (S=O). 1H-NMR(100 MHz, CDCl3): δ 1.23-140 
(m, 6H, 2×CO2CH2CH3), 2.07 (s, 3H, 3-OC(=O)CH3), 2.23 (s, 3H, 6-OC(=O)CH3), 4.22-4.50 (m, 4H, 
2×CO2CH2CH3), 5.64-6.12 (m, 4H, CH-CH=CH-CH). MS(CI): m/e 377 (M++1, 16%), 376 (M+, 2%), 317 
(M+-OAc, 16%), 226 (100%), 180 (90%). 
 
t-2-Methoxycarbonyl-c-2-phenyl-t-3-methoxy-3,6-dihydro-2H-thiopyran r-S-oxide (9bI) 
t-2-Methoxycarbonyl-c-2-phenyl-c-3-methoxy-3,6-dihydro-2H-thiopyran r-S-oxide (9bII) 
Starting from E-methoxycarbonyl phenyl sulfine 1b (0.79 g, 4.0 mmol) and 1-methoxy-1,3-butadiene (2 
equiv.), compound 9bI ('fast moving') was obtained as white solid (0.55 g, 49%) and compound 9bII 
('slow moving') was obtained as a white solid (0.44 g, 39%) after separation by column chromatography 
with hexane / ethyl acetate (4:1→0:1, v/v). Subsequent filtration over carbon powder and recrystallization 
from diisopropyl ether provided analytically pure samples of 9bI and 9bII. 
Compound 9bI: Mp. 128-129°C. IR(KBr): ν 1735 (C=O), 1055 (S=O). 1H-NMR(100 MHz, CDCl3): δ 2.22-
2.46 (d of m, 1H, C-CHsynHanti-SO), 3.23-3.68 (m, 1H, C-CHsynHanti-SO), 3.46 (s, 3H, C-OCH3), 3.87 (s, 3H, 
CO2CH3), 4.66-4.68 (m, 1H, CH2-CH=CH-CH), 5.42-5.64 (m, 1H, CH2-CH=CH-CH), 6.10-6.23 (m, 1H, 
CH2-CH=CH-CH), 7.29-7.43 (m, 3H, arom. Hmeta and Hpara), 7.52-7.66 (m, 2H, arom. Hortho). 13C-NMR(25 
MHz, CDCl3): δ 45.8 (t, C-CH2-SO), 53.7 (q, CO2CH3), 59.4 (q, COCH3), 75.8 (s, C-CO2CH3), 80.1 (d, 
CH=CH-CH), 117.6 and 126.7/130.8 (d, CH=CH), 127.3 (d, arom. Cortho/meta), 127.9 (s, arom. Ci), 130.3 (d, 
arom. Corhto/meta), 126.7/130.8 (d, arom. Cpara), 170.6 (s, C=O). MS(CI): m/e 281 (M++1, 63%), 280 (M+, 
8%), 249 (M+-OCH3, 35%), 200 (82%), 187 (51%), 141 (78%), 121 (100%), 84 (74%). Elemental analysis: 
calculated for C14H16O4S (280.344): C 59.98, H 5.75, S 11.44; found C 60.15, H 4.36, S 10.38. 
Compound 9bII: Mp. 140-142°C. IR(KBr): ν 1735 (C=O), 1065 (S=O). 1H-NMR(100 MHz, CDCl3): δ 2.35-
2.52 (d of m, 1H, C-CHsynHanti-SO), 3.40-3.67 (m, 1H, C-CHsynHanti-SO), 3.45 (s, 3H, C-OCH3), 3.83 (s, 3H, 
CO2CH3), 4.69 (d, 3J=4.2 Hz, 1H, CH=CH-CH), 5.69-5.89 (m, 1H, CH2-CH=CH-CH), 6.24-6.42 (m, 1H, 
CH2-CH=CH-CH), 7.19-7.44 (m, 5H, arom. H). 13C-NMR(25 MHz, CDCl3): δ 45.9 (t, C-CH2-SO), 52.9 (q, 
CO2CH3), 58.0 (q, COCH3), 75.0 (s, C-CO2CH3), 78.0 (d, CH=CH-CH), 122.9 and 127.8/128.9 (d, CH=CH), 
128.0 (d, arom. Cortho/meta), 128.1 (s, arom. Ci), 128.2 (d, arom. Corhto/meta), 127.8/128.9 (d, arom. Cpara), 169.5 
(s, C=O). MS(CI): m/e 281 (M++1, 65%), 280 (M+, 7%), 249 (M+-OCH3, 42%), 200 (86%), 187 (55%), 141 
(67%), 121 (100%), 39 (74%). Elemental analysis: calculated for C14H16O4S (280.344): C 59.98, H 5.75, S 
11.44; found C 60.06, H 5.20, S 10.50. For an X-ray analysis see Figure 3.2 and Appendix I. 
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 2,2-Dimethoxycarbonyl-t-3-methoxy-3,6-dihydro-2H-thiopyran r-S-oxide (9cI) 
2,2-Dimethoxycarbonyl-c-3-methoxy-3,6-dihydro-2H-thiopyran r-S-oxide (9cII) 
Starting from bis(methoxycarbonyl) sulfine 1c (0.63 g, 3.53 mmol) and 1-methoxy-1,3-butadiene (2 
equiv.), compound 9cI ('fast moving') was obtained as white solid (0.42 g, 45%) and compound 9cII 
('slow moving') was obtained as a white solid (0.30 g, 33%) after separation by column chromatography 
with hexane / ethyl acetate (1:1→1:3, v/v). Recrystallization from diisopropyl ether provided analytically 
pure samples of 9cI and 9cII. 
Compound 9cI: Mp. 92-93°C. IR(KBr): ν 1720 (C=O), 1060 (S=O). 1H-NMR(100 MHz, CDCl3): δ 3.07-
3.29 (d of m, 1H, C-CHsynHanti-SO), 3.35 (s, 3H, C-OCH3), 3.69-4.06 (m, 1H, C-CHsynHanti-SO), 3.81 (s, 6H, 
2×CO2CH3), 4.51 (dd, 3J=3.7 Hz, 4J=1.0 Hz, 1H, CH=CH-CH), 5.60-5.80 (m, 1H, CH2-CH=CH-CH), 5.98-
6.13 (m, 1H, CH2-CH=CH-CH). 13C-NMR(25 MHz, CDCl3): δ 47.9 (t, C-CH2-SO), 53.5 and 53.6 (q, 
CO2CH3), 58.3 (q, COCH3), 75.4 (s, C-(CO2CH3)2), 75.9 (d, CH=CH-CH), 120.4 and 127.8 (d, CH=CH), 
164.0 and 165.4 (s, 2×C=O). MS(CI): m/e 263 (M++1, 12%), 262 (M+, 15%), 230 (M+-CH3OH, 33%), 193 
(31%), 182 (86%), 179 (98%), 169 (55%), 84 (100%). Elemental analysis: calculated for C10H14O6S 
(262.283): C 45.79, H 5.38, S 12.22; found C 45.76, H 5.29, S 12.07. 
Compound 9cII: Mp. 120-121°C. IR(KBr): ν 1730 (C=O), 1070 (S=O). 1H-NMR(100 MHz, CDCl3): δ 2.89-
3.14 (d of m, 1H, C-CHsynHanti-SO), 3.41 (s, 3H, C-OCH3), 3.50-4.81 (m, 1H, C-CHsynHanti-SO), 3.73 and 
3.86 (s, 3H, CO2CH3), 4.39-4.44 (m, 1H, CH=CH-CH), 5.60-5.81 (m, 1H, CH2-CH=CH-CH), 6.21-6.38 (m, 
1H, CH2-CH=CH-CH). 13C-NMR(25 MHz, CDCl3): δ 45.1 (t, C-CH2-SO), 53.6 and 53.7 (q, CO2CH3), 59.4 
(q, COCH3), 74.2 (d, CH=CH-CH), 74.5 (s, C-(CO2CH3)2), 116.3 and 127.2 (d, CH=CH), 164.4 and 164.7 (s, 
2×C=O). MS(CI): m/e 263 (M++1, 77%), 262 (M+, 17%), 230 (M+-CH3OH, 13%), 193 (26%), 182 (55%), 179 
(62%), 169 (70%), 84 (100%). Elemental analysis: calculated for C10H14O6S (262.283): C 45.79, H 5.38, S 
12.22; found C 45.90, H 5.31, S 12.08. 
 
t-2-Methoxycarbonyl-c-2-phenyl-t-3-trimethylsilyoxy-3,6-dihydro-2H-thiopyran r-S-oxide (10bI) 
t-2-Methoxycarbonyl-c-2-phenyl-c-3-trimethylsilyloxy-3,6-dihydro-2H-thiopyran r-S-oxide (10bII) 
Starting from E-methoxycarbonyl phenyl sulfine 1b (0.79 g, 4.0 mmol) and trans-1-trimethylsilyloxy-1,3-
butadiene (1.5 equiv.), a mixture of compound 10bI ('fast moving') and compound 10bII ('slow moving') 
and the corresponding 3-hydroxy compounds was obtained (0.44 g, 39%) after column chromatography 
with hexane / ethyl acetate (2:1→0:1, v/v) which were partly separated. Recrystallization from diisopropyl 
ether provided analytically pure samples of 10bI and of the 3-hydroxy analog of either 10bI or 10bII. 
Compound 10bI: Mp. 89-92°C. IR(KBr): ν 1725 (C=O), 1045 (S=O). 1H-NMR(100 MHz, CDCl3): δ 0.12 (s, 
9H, OSi(CH3)3), 2.21-2.40 (d of m, 1H, C-CHsynHanti-SO), 3.20-3.50 (m, 1H, C-CHsynHanti-SO), 3.86 (s, 3H, 
CO2CH3), 5.11-5.14 (m, 1H, CH=CH-CH), 5.35-5.57 (m, 1H, CH2-CH=CH-CH), 5.86-5.99 (m, 1H, CH2-
CH=CH-CH), 7.30-7.44 (m, 3H, arom. Hmeta and Hpara), 7.61-7.71 (m, 2H, arom. Hortho). 13C-NMR(25 MHz, 
CDCl3): δ 0.0 (s, OSi(CH3)3), 45.6 (t, C-CH2-SO), 53.7 (q, CO2CH3), 71.5 (d, CH=CH-CH), 77.6 (s, C- 
CO2CH3), 116.9 and 128.7/134.8 (d, CH=CH), 127.2 (d, arom. Cortho/meta), 128.3 (s, arom. Ci), 128.7/134.8 
(d, arom. Cpara), 130.6 (d, arom. Corhto/meta), 171.0 (s, C=O). MS(CI): m/e 339 (M++1, 2%), 267 (51%), 249 
(M+-OSi(CH3)3, 21%), 218 (46%), 200 (25%), 187 (34%), 157 (58%), 137 (56%), 129 (47%), 121 (47%), 118 
(100%), 77 (C5H6+, 34%).  
Compound 10bII:. IR(KBr): ν 1735 (C=O), 1050 (S=O). 1H-NMR(100 MHz, CDCl3): δ 0.15 (s, 9H, 
OSi(CH3)3), 2.26-2.43 (d of m, 1H, C-CHsynHanti-SO), 3.33-3.57 (m, 1H, C-CHsynHanti-SO), 3.80 (s, 3H, 
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 CO2CH3), 5.13 (d, 3J=4.6 Hz, 1H, CH=CH-CH), 5.58-5.87 (m, 1H, CH2-CH=CH-CH), 6.01-6.19 (m, 1H, 
CH2-CH=CH-CH), 7.18-7.53 (m, 5H, arom. H). 
2-Methoxycarbonyl-2-phenyl-3-hydroxy-3,6-dihydro-2H-thiopyran S-oxide: Mp. 114-116°C. IR(KBr): ν 
1720 (C=O), 1045 (S=O). 1H-NMR(100 MHz, CD3OD): δ 2.61-2.86 (d of m, 1H, C-CHsynHanti-SO), 3.19-
3.59 (m, 1H, C-CHsynHanti-SO), 3.66 (s, 3H, CO2CH3), 4.94 (br. s, 1H, CH=CH-CH), 5.45-5.66 (m, 1H, CH2-
CH=CH-CH), 6.04-6.22 (m, 1H, CH2-CH=CH-CH), 7.29-7.37 (m, 3H, arom. Hmeta and Hpara), 7.49-7.63 
(m, 2H, arom. Hortho). 13C-NMR(25 MHz, CD3OD): δ 46.1 (t, C-CH2-SO), 54.1 (q, CO2CH3), 70.1 (d, 
CH=CH-CH), 74.9 (s, C-CO2CH3), 117.7 and 130.0/134.5 (d, CH=CH), 129.1 (d, arom. Cortho/meta), 
130.0/134.5 (d, arom. Cpara), 131.1 (d, arom. Cortho/meta), 131.5 (s, arom. Ci), 171.3 (s, C=O). MS(CI): m/e 267 
(M++1, 73%), 266 (M+, 13%), 249 (M+-OH, 33%), 218 (M+-SO, 48%), 200 (26%), 187 (47%), 157 (60%), 
137 (73%), 129 (48%), 121 (55%), 118 (100%), 77 (C5H6+, 37%). Elemental analysis: calculated for 
C13H14O4S (266.317): C 58.63, H 5.30, S 12.04; found C 58.58, H 5.24, S 11.78. 
 
2,2-Dimethoxycarbonyl-t-3-trimethylsilyloxy-3,6-dihydro-2H-thiopyran r-S-oxide (10cI) 
2,2-Dimethoxycarbonyl-c-3-trimethylsilyloxy-3,6-dihydro-2H-thiopyran r-S-oxide (10cII) 
Starting from bis(methoxycarbonyl) sulfine 1c (1.04 g, 5.85 mmol) and trans-1-trimethylsilyloxy-1,3-
butadiene (1.0 equiv.), a mixture of compound 10cI ('fast moving') and compound 10cII ('slow moving') 
was obtained as a slightly yellow oil (1.05 g, 56%) after subsequent filtration over Carbon powder and 
column chromatography with hexane / ethyl acetate (4:1→1:1, v/v + some drops of Et3N). Ratio 10cI : 
10cII = 75:25 (NMR). 
Compound 10cI: 1H-NMR(300 MHz, CDCl3): δ 0.15 (s, 9H, OSi(CH3)3, 3.20-3.29 (d of m, 1H, C-
CHsynHanti-SO), 3.62-3.84 (m, 1H, C-CHsynHanti-SO), 3.84 and 3.89 (s, 3H, CO2CH3), 4.91 (dd, 3J=3.4 Hz, 
4J=1.7 Hz, 1H, CH=CH-CH), 5.66-5.73 (m, 1H, CH2-CH=CH-CH), 6.03-6.08 (m, 1H, CH2-CH=CH-CH). 
Compound 10cII: 1H-NMR(300 MHz, CDCl3): δ 1H-NMR(300 MHz, CDCl3): δ 0.13 (s, 9H, OSi(CH3)3, 
3.20-3.29 (d of m, 1H, C-CHsynHanti-SO), 3.62-3.84 (m, 1H, C-CHsynHanti-SO ), 3.75 and 3.86 (s, 3H, 
CO2CH3), 5.00 (d, 3J=4.3 Hz, 1H, CH=CH-CH), 5.66-5.73 (m, 1H, CH2-CH=CH-CH), 5.89-5.95 (m, 1H, 
CH2-CH=CH-CH). 
Mixture of 10cI and 10cII: MS(CI): m/e 321 (M++1, 1%), 249 (50%), 231 (M+-CH3OH, 5%), 179 (55%), 
169 (100%), 147 (44%), 101 (43%), 69 (68%). 
 
t-2-Methoxycarbonyl-c-2-methyl-c-3-acetoxy-3,6-dihydro-2H-thiopyran r-S-oxide (11aI) 
t-2-Methoxycarbonyl-c-2-methyl-t-3-acetoxy-3,6-dihydro-2H-thiopyran r-S-oxide (11aII) 
t-2-Methoxycarbonyl-c-2-methyl-c-6-acetoxy-3,6-dihydro-2H-thiopyran r-S-oxide (12aI) 
t-2-Methoxycarbonyl-c-2-methyl-t-6-acetoxy-3,6-dihydro-2H-thiopyran r-S-oxide (12aII) 
Starting from E-methoxycarbonyl methyl sulfine 1a (1.34 g, 10.0 mmol), trans-1-acetoxy-1,3-butadiene 
(1.25 equiv.) and SnCl4 (10 mol%), compound 11aI (spot 3 on TLC, 'slowest moving') was obtained as a 
white solid (1.51 g, 61%), compound 12aI (spot 2 on TLC) was obtained as a colorless oil (0.37 g, 15%) and 
compound 12aII (spot 1 on TLC, 'fastest moving') was obtained as a colorless oil (0.24 g, 10%), after flash 
column chromatography with hexane / ethyl acetate (2:1→0:1, v/v). Recrystallization from diisopropyl 
ether provided an analytically pure sample of 11aI. Compound 11aII was not detected (TLC, NMR). When 
the reaction was carried out without SnCl4 in refluxing toluene only some traces of cycloadducts were 
detected (TLC) after 48 hours. 
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 Compound 11aI: Mp. 116-119°C. IR(KBr): ν 1730 (2×C=O), 1045 (S=O). 1H-NMR(400 MHz, CDCl3): δ 
1.60 (s, 3H, C-CH3), 2.09 (s, 3H, OC(=O)CH3), 3.23-3.29 (d of m, 1H, C-CHsynHanti-SO), 3.68-3.73 (d of m, 
1H, C-CHsynHanti-SO), 3.84 (s, 3H, CO2CH3), 5.72-5.79 (m, 2H, CH2-CH=CH-CH and CH2-CH=CH-CH), 
5.93-5.94 (m, 1H, CH2-CH=CH-CH). 1H-NMR-NOESY(400 MHz, CDCl3): NOE's observed between δ 1.60 
and 3.23-3.29, δ 3.68-3.73 and 5.72-5.79 are in agreement with the assignment of CHsynHanti). 13C-
NMR(100 MHz, CDCl3): δ 7.4 (q, C-CH3), 20.6 (q, OC(=O)CH3), 45.2 (t, C-CH2-SO), 53.7 (q, CO2CH3), 
66.3 (s, C-CO2CH3), 70.2 (d, CH2-CH=CH-CH), 117.6 and 126.7 (d, CH=CH), 170.6 (s, 2×C=O). MS(CI): 
m/e 247 (M++1, 60%), 246 (M+, 38%), 198 (M+-SO, 20%), 187 (M+-CO2CH3 or M+-O(C=O)CH3, 32%), 155 
(C7H7O2S+, 28%), 139 (20%), 125 (C6H5OS+, 92%), 43 (C2H3O+, 100%). Elemental analysis: calculated for 
C10H14O5S (246.283): C 48.77, H 5.73, S 13.02; found C 48.79, H 5.75, S 12.66. For an X-ray analysis see 
Figure 3.3 and Appendix I. 
Compound 12aI: IR(CCl4): ν 1735 (2×C=O), 1055 (S=O). 1H-NMR(100 MHz, CDCl3): δ 1.67 (s, 3H, C-
CH3), 2.24 (s, 3H, OC(=O)CH3), 2.37-2.69 (m, 2H, C-CH2-C), 3.81 (s, 3H, CO2CH3), 5.41-5.60 (m, 1H, 
CH=CH-CH-SO), 5.95-6.14 (m, 2H, CH=CH-CH-SO and CH=CH-CH-SO). 13C-NMR(25 MHz, CDCl3): δ 
20.6 (q, OC(=O)CH3), 21.6 (q, C-CH3), 27.2 (t, C-CH2-C), 53.0 (q, CO2CH3), 63.4 (s, C-CO2CH3), 79.1 (d, 
CH=CH-CH-SO), 116.5 and 130.1 (d, CH=CH), 169.4 and 171.0 (s, C=O). MS(CI): m/e 247 (M++1, 12%), 
246 (M+, 2%), 198 (M+-SO, 16%), 197 (31%), 187 (M+-CO2CH3 or M+-O(C=O)CH3, 29%), 155 (C7H7O2S+, 
100%), 123 (25%), 95 (40%). 
Compound 12aII: IR(CCl4): ν 1750 and 1730 (C=O), 1050 (S=O). 1H-NMR(100 MHz, CDCl3): δ 1.68 (s, 
3H, C-CH3), 2.13 (s, 3H, OC(=O)CH3), 2.37-2.67 (m, 2H, C-CH2-C), 3.76 (s, 3H, CO2CH3), 5.60-5.75 (m, 
1H, CH=CH-CH-SO), 5.86-5.90 (m, 1H, CH=CH-CH-SO), 6.10-6.29 (m, 1H, CH=CH-CH-SO). 13C-
NMR(25 MHz, CDCl3): δ 20.6 (q, OC(=O)CH3), 20.7 (q, C-CH3), 27.0 (t, C-CH2-C), 52.7 (q, CO2CH3), 59.9 
(s, C-CO2CH3), 79.7 (d, CH=CH-CH-SO), 117.4 and 132.0 (d, CH=CH), 168.9 and 170.2 (s, C=O). MS(CI): 
m/e 247 (M++1, 96%), 246 (M+, 1%), 198 (M+-SO, 16%), 197 (34%), 187 (M+-CO2CH3 or M+-O(C=O)CH3, 
80%), 156(38%) 155 (C7H7O2S+, 100%), 127 (31%), 123 (22%), 99 (26%), 95 (43%). 
 
t-2-Methoxycarbonyl-c-2-phenyl-c-3-acetoxy-3,6-dihydro-2H-thiopyran r-S-oxide (11bI) 
t-2-Methoxycarbonyl-c-2-phenyl-t-3-acetoxy-3,6-dihydro-2H-thiopyran r-S-oxide (11bII) 
t-2-Methoxycarbonyl-c-2-phenyl-c-6-acetoxy-3,6-dihydro-2H-thiopyran r-S-oxide (12bI) 
t-2-Methoxycarbonyl-c-2-phenyl-t-6-acetoxy-3,6-dihydro-2H-thiopyran r-S-oxide (12bII) 
Starting from E-methoxycarbonyl phenyl sulfine 1b (0.98 g, 5.0 mmol), trans-1-acetoxy-1,3-butadiene 
(1.5 equiv.) and SnCl4 (10 mol%), compound 11bI (spot 3 on TLC) was obtained as a white solid (0.74 g, 
48%), compound 11bII (spot 4 on TLC, 'slowest moving') was obtained as a white solid (0.25 g, 16%), 
compound 12bI (spot 2 on TLC) was obtained as a slightly yellow solid (0.14 g, 9%) and compound 12bII 
(spot 1 on TLC, 'fastest moving') was obtained as a yellowish solid (0.11 g, 7%), after flash column 
chromatography with hexane / ethyl acetate (3:1→2:1, v/v). Recrystallization from diisopropyl ether 
provided analytically pure samples of 11bI, 11bII, 12bI and 12bII as colorless crystals. When the reaction 
was carried out without SnCl4 in refluxing toluene only some traces of cycloadducts were detected after 48 
hours (TLC).  
Compound 11bI: Mp. 148-151°C. IR(KBr): ν 1735 (2×C=O), 1065 (S=O). 1H-NMR(300 MHz, CDCl3): δ 
1.99 (s, 3H, OC(=O)CH3), 2.59 (A of AB, d of m, 2J=16.5 1H, C-CHsynHanti-SO), 3.35 (ABX, 2J=16.5 Hz, 
3J=6.1 Hz, 1H, C-CHsynHanti-SO), 3.82 (s, 3H, CO2CH3), 5.71-5.79 (m, 1H, CH2-CH=CH-CH), 5.93-6.09 (m, 
1H, CH2-CH=CH-CH), 6.30 (br. s, 1H, CH2-CH=CH-CH), 7.38-7.60 (m, 5H, arom. H). 13C-NMR(75 MHz, 
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 CDCl3): δ 20.6 (q, OC(=O)CH3), 45.0 (t, C-CH2-SO), 53.8 (q, CO2CH3), 68.6 (d, CH2-CH=CH-CH), 74.5 (s, 
C-CO2CH3), 119.2 and 129.0/129.7 (d, CH=CH), 127.8 (d, arom. Cortho/meta), 128.2 (s, arom. Ci), 129.0/129.7 
(d, arom. Cpara), 129.5 (d, arom. Cortho/meta), 169.2 and 169.6 (s, C=O). MS(CI): m/e 309 (M++1, 31%), 308 
(M+, 20%), 249 (M+-CO2CH3 or M+-O(C=O)CH3, 37%), 202 (27%), 201 (19%), 187 (44%), 161 (22%), 157 
(19%), 43 (C2H3O+, 100%). Elemental analysis: calculated for C15H16O5S (308.355): C 58.43, H 5.23, S 
10.40; found C 58.37, H 4.53, S 9.11. 
Compound 11bII: Mp. 143-145°C. IR(KBr): ν 1735 (2×C=O), 1050 (S=O). 1H-NMR(300 MHz, CDCl3): δ 
2.07 (s, 3H, OC(=O)CH3), 2.50 (A of AB, d of m, 2J=16.5 Hz, 1H, C-CHsynHanti-SO), 3.53 (ABX, 2J=16.5 Hz, 
3J=7.0 Hz, 1H, C-CHsynHanti-SO), 3.77 (s, 3H, CO2CH3), 5.78-5.85 (m, 1H, CH2-CH=CH-CH), 6.14-6.20 (m, 
1H, CH2-CH=CH-CH), 6.30 (d, 3J=4.5 Hz, 1H, CH2-CH=CH-CH), 7.28-7.45 (m, 5H, arom. H). 13C-
NMR(300 MHz, CDCl3): δ 20.6 (q, OC(=O)CH3), 45.7 (t, C-CH2-SO), 53.1 (q, CO2CH3), 70.7 (d, CH2-
CH=CH-CH), 73.2 (s, C-CO2CH3), 124.0 and 127.4/129.4 (d, CH=CH), 127.9 (d, arom. Cortho/meta), 127.8 (s, 
arom. Ci), 128.5 (d, arom. Cortho/meta), 129.4/127.4 (d, arom. Cpara), 169.0 and 169.2 (s, C=O). MS(CI): m/e 
309 (M++1, 33%), 308 (M+, 24%), 249 (M+-CO2CH3 or M+-O(C=O)CH3, 100%), 202 (44%), 201 (55%), 187 
(86%), 161 (41%), 157 (27%). Elemental analysis: calculated for C15H16O5S (308.355): C 58.43, H 5.23, S 
10.40; found C 58.25, H 5.12, S 9.89. 
Compound 12bI: Mp. 115-118°C. IR(KBr): ν 1745 and 1705 (C=O), 1065 (S=O). 1H-NMR(300 MHz, 
CDCl3): δ 2.23 (s, 3H, OC(=O)CH3), 3.02-3.24 (m, 2H, C-CH2-C), 3.75 (s, 3H, CO2CH3), 5.58-5.61 (m, 1H, 
CH=CH-CH-SO), 6.17-6.27 (m, 2H, CH=CH-CH-SO and CH=CH-CH-SO), 7.27-7.55 (m, 5H, arom. H). 
13C-NMR(75 MHz, CDCl3): δ 20.6 (q, OC(=O)CH3), 24.1 (t, C-CH2-C), 53.3 (q, CO2CH3), 71.0 (s, C- 
CO2CH3), 79.4 (d, CH=CH-CH-SO), 119.4 and 130.2 (d, CH=CH), 126.8 (d, arom. Cortho/meta), 129.2 (d, 
arom. Cortho/meta + arom. Cpara), 134.6 (s, arom. Ci), 169.6 and 169.9 (s, C=O). MS(CI): m/e 309 (M++1, 7%), 
308 (M+, 1%), 260 (M+-SO, 100%), 249 (M+-CO2CH3 or M+-O(C=O)CH3, 28%), 218 (57%), 217 (51%), 186 
(34%), 157 (38%), 87 (54%). For an X-ray analysis see Figure 3.3 and Appendix I. 
Compound 12bII: IR(KBr): ν 1715 (C=O), 1055 (S=O). 1H-NMR(300 MHz, CDCl3): δ 2.18 (s, 3H, 
OC(=O)CH3), 3.05-3.19 (m, 2H, C-CH2-C), 3.76 (s, 3H, CO2CH3), 5.71-5.78 (m, 2H, CH=CH-CH-SO and 
CH=CH-CH-SO), 6.24-6.32 (m, 1H, CH=CH-CH-SO), 7.38-7.52 (m, 5H, arom. H). 13C-NMR(75 MHz, 
CDCl3): δ 20.6 (q, OC(=O)CH3), 24.5 (t, C-CH2-C), 52.9 (q, CO2CH3), 67.6 (s, C-CO2CH3), 82.0 (d, 
CH=CH-CH-SO), 119.3 and 130.9 (d, CH=CH), 127.3 (d, arom. Cortho/meta), 129.1 (d, arom. Cortho/meta + arom. 
Cpara), 133.9 (s, arom. Ci), 168.9 and 169.1 (s, C=O). 
 
2,2-Dimethoxycarbonyl-c-3-acetoxy-3,6-dihydro-2H-thiopyran r-S-oxide (11cI) 
2,2-Dimethoxycarbonyl-t-3-acetoxy-3,6-dihydro-2H-thiopyran r-S-oxide (11cII) 
2,2-Dimethoxycarbonyl-c-6-acetoxy-3,6-dihydro-2H-thiopyran r-S-oxide (12cI) 
2,2-Dimethoxycarbonyl-t-6-acetoxy-3,6-dihydro-2H-thiopyran r-S-oxide (12cII) 
Starting from bis(methoxycarbonyl) sulfine 1c (4.45 g, 25.0 mmol) and 'commercial' 1-acetoxy-1,3-
butadiene (1.0 equiv.), compound 11cI (spot 3 on TLC, 'slowest moving') was obtained as a white solid 
(2.76 g, 38%) compound 11cII (spot 2 on TLC) was obtained as a white solid (0.75 g, 10%), and a mixture 
of compound 12cI and compound 12cII (spot 1 on TLC, 'fastest moving') was obtained as a slightly yellow 
solid (0.81 g, 11%), after column chromatography with hexane / ethyl acetate (2:1→0:1, v/v). 
Recrystallization from diisopropyl ether provided analytically pure samples of 11cI, 11cII and 12cI/II. 
Ratio 12cI : 12cII = 60:40 (NMR). 
 88
 Compound 11cI: Mp. 98-100°C. IR(KBr): ν 1740 and 1720 (C=O), 1070 (S=O). 1H-NMR(100 MHz, 
CDCl3): δ 2.06 (s, 3H, OC(=O)CH3), 3.14-3.46 (d of m, 1H, C-CHsynHanti-SO), 3.76-4.06 (d of m, 1H, C-
CHsynHanti-SO), 3.86 and 3.89 (s, 3H, CO2CH3), 5.71-6.20 (m, 3H, CH2-CH=CH-CH, CH2-CH=CH-CH and 
CH2-CH=CH-CH). 13C-NMR(25 MHz, CDCl3): δ 20.4 (q, OC(=O)CH3), 45.2 (t, C-CH2-SO), 53.5 and 53.6 
(q, CO2CH3), 68.4 (d, CH2-CH=CH-CH), 73.7 (s, C-(CO2CH3)2), 121.2 and 126.8 (d, CH=CH), 163.2, 164.7 
and 168.7 (s, C=O). MS(CI): m/e 291 (M++1, 23%), 290 (M+, 21%), 242 (M+-SO, 5%), 231 (M+- CO2CH3 or 
M+-O(C=O)CH3, 8%), 200 (10%), 193 (10%), 183 (9%), 155 (C7H7O2S+, 15%), 139 (5%). Elemental analysis: 
calculated for C11H14O7S (290.293): C 45.51, H 4.86, S 11.05; found C 45.18, H 4.78, S 11.69. 
Compound 11cII: Mp. 122-123°C. IR(KBr): ν 1735 and 1710 (C=O), 1070 (S=O). 1H-NMR(100 MHz, 
CDCl3): δ 2.08 (s, 3H, OC(=O)CH3), 3.12-3.35 (d of m, 1H, C-CHsynHanti-SO), 3.57-3.81 (d of m, 1H, C-
CHsynHanti-SO), 3.82 and 3.91 (s, 3H, CO2CH3), 5.75-5.96 (m, 1H, CH2-CH=CH-CH), 6.09-6.28 (m, 1H, 
CH2-CH=CH-CH), 6.14 (br. s, 1H, CH2-CH=CH-CH). 13C-NMR(25 MHz, CDCl3): δ 20.8 (q, OC(=O)CH3), 
45.4 (t, C-CH2-SO), 54.0 and 54.2 (q, CO2CH3), 65.2 (d, CH2-CH=CH-CH), 73.5 (s, C-(CO2CH3)2), 118.2 
and 126.8 (d, CH=CH), 163.8 (s, 2×C=O), 169.8 (s, C=O). MS(CI): m/e 291 (M++1, 13%), 290 (M+, 23%), 
242 (M+-SO, 5%), 231 (M+-CO2CH3 or M+-O(C=O)CH3, 9%), 200 (12%), 193 (12%), 183 (12%), 155 
(C7H7O2S+, 13%), 139 (7%). Elemental analysis: calculated for C11H14O7S (290.293): C 45.51, H 4.86, S 
11.05; found C 45.73, H 4.80, S 11.56. For an X-ray analysis see Figure 3.3 and Appendix I. 
Mixture of 12cI and 12cII: IR(KBr): ν 1770 and 1745 (C=O), 1050 (S=O). 1H-NMR(100 MHz, CDCl3): δ 
2.15 (s, 3H, OC(=O)CH3, 12cII), 2.24 (s, 3H, OC(=O)CH3, 12cI), 2.67-3.23 (m, 2H, C-CH2-C), 3.77 and 
3.81 (s, 3H, CO2CH3, 12cII), 3.85 and 3.89 (s, 3H, CO2CH3, 12cI), 5.43-6.36 (m, 3H, CH2-CH=CH-CH, 
CH2-CH=CH-CH and CH2-CH=CH-CH). MS(CI): m/e 291 (M++1, 12%), 290 (M+, 2%), 242 (M+-SO, 55%), 
231 (M+-CO2CH3 or M+-O(C=O)CH3, 41%), 200 (100%), 168 (70%), 143 (41%). Elemental analysis: 
calculated for C11H14O7S (290.293): C 45.51, H 4.86, S 11.05; found C 44.99, H 4.63, S 10.70. 
 
t-2-Methoxycarbonyl-c-2-methyl-c-3-ethoxycarbonyloxy-3,6-dihydro-2H-thiopyran r-S-oxide (13aI) 
t-2-Methoxycarbonyl-c-2-methyl-t-3-ethoxycarbonyloxy-3,6-dihydro-2H-thiopyran r-S-oxide (13aII) 
t-2-Methoxycarbonyl-c-2-methyl-c-6-ethoxycarbonyloxy-3,6-dihydro-2H-thiopyran r-S-oxide (14aI) 
t-2-Methoxycarbonyl-c-2-methyl-t-6-ethoxycarbonyloxy-3,6-dihydro-2H-thiopyran r-S-oxide (14aII) 
Starting from E-methoxycarbonyl methyl sulfine 1a (0.67 g, 5.0 mmol), trans-1-ethoxycarbonyloxy-1,3-
butadiene (1.2 equiv.) and SnCl4 (10 mol%), compound 13aI (spot 3 on TLC, 'slowest moving') was 
obtained as a white solid (0.42 g, 30%) and a mixture of compound 14aI (spot 2 on TLC) and compound 
14aII (spot 1 on TLC, 'fastest moving') was obtained as a yellowish oil (0.34 g, 25%), after column 
chromatography with hexane / ethyl acetate (3:1→1:1, v/v). Recrystallization from diisopropyl ether 
provided an analytically pure sample of 13aI. Compound 13aII was not detected (TLC, NMR). Ratio 14aI 
: 14aII = 60:40 (NMR). 
Compound 13aI: Mp. 75-78°C. IR(KBr): ν 1735 (2×C=O), 1060 (S=O). 1H-NMR(300 MHz, CDCl3): δ 1.32 
(t, 3J=7.1 Hz, 3H, -CH2CH3), 1.61 (s, 3H, C-CH3), 3.26 (d of m, 2J=16.6 Hz, 1H, C-CHsynHanti-SO), 3.71 (d of 
m, 2J=16.6 Hz, 1H, C-CHsynHanti-SO), 3.86 (s, 3H, OCH3), 4.21 (q, 3J=7.1 Hz, 2H, -CH2CH3), 5.74-5.86 (m, 
3H, -CH=CH-CH-O). 13C-NMR (25 MHz, CDCl3): δ 6.6 (q, -C-CH3), 13.9 (q, -CH2CH3), 45.0 (t, C-CH2-SO), 
53.5 (q, -OCH3), 64.7 (t, -CH2CH3), 66.5 (s, -C-CH3), 73.7 (d, -CH-O-), 119.6 and 126.5 (d, CH=CH), 153.8 
(s, O-C(=O)OCH2CH3), 169.4 (s, CO2CH3). MS(CI): m/e 277 (M++1, 22%), 276 (M+, 14%), 228 (M+-SO, 
8%), 187 (M+-OC(=O)OCH2CH3, 44%), 155 (C7H7O2S+, 29%), 125 (C7H7O2S+, 100%). Elemental analysis: 
calculated for C11H16O6S (276.309): C 47.82, H 5.84, S 11.60; found C 48.19, H 5.61, S 11.38. 
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 Mixture of 14aI and 14aII: IR(KBr): ν 1750 (2×C=O), 1060 (S=O). 1H-NMR(300 MHz, CDCl3): δ 1.34 (t, 
3J=7.1 Hz, 3H, -CH2CH3), 1.67 (s, 3H, C-CH3, 14aI), 1.68 (s, 3H, C-CH3, 14aII), 2.44-2.79 (m, 2H, C-CH2-
C), 3.74 (s, 3H, OCH3, 14aII), 3.81 (s, 3H, OCH3, 14aI), 4.28 (q, 3J=7.1 Hz, 2H, -CH2CH3, 14aII), 4.29 (q, 
3J=7.1 Hz, 2H, -CH2CH3, 14aI) 5.52-5.59 (m, 1H, CH=CH-CH-SO, 14aI), 5.70-5.78 (m, 1H, CH=CH-CH-
SO, 14aII), 5.72 (br. s, 1H, CH=CH-CH-SO, 14aII), 5.87-5.91 (m, 1H, CH=CH-CH-SO, 14aI), 6.02-6.09 
(m, 1H, CH=CH-CH-SO, 14aI), 6.21-6.27 (m, 1H, CH=CH-CH-SO, 14aII). 13C-NMR (25 MHz, CDCl3): δ 
14.1 (q, -CH2CH3), 21.0 (q, -C-CH3, 14aII), 21.5 (q, -C-CH3, 14aI), 26.7 (t, C-CH2-C, 14aII), 27.6 (t, C-
CH2-C, 14aI), 52.7 (q, -OCH3, 14aII), 53.2 (q, -OCH3, 14aI), 59.4 (s, -C-CH3, 14aII), 63.5 (s, -C-CH3, 
14aI), 65.3 (t, -CH2CH3), 81.5 (d, -CH-O-, 14aII), 82.4 (d, -CH-O-, 14aI), 116.3 and 132.9 (d, CH=CH, 
14aII), 118.3 and 130.5 (d, CH=CH, 14aI), 153.5 (s, O-C(=O)OCH2CH3, 14aII), 153.9 (s, O-
C(=O)OCH2CH3, 14aI), 169.6 (s, CO2CH3, 14aII), 171.0 (s, CO2CH3, 14aI). MS(CI): m/e 277 (M++1, 
23%), 276 (M+, 1%), 187 (M+-OC(=O)OCH2CH3, 100%), 155 (C7H7O2S+, 87%), 123 (51%), 99 (48%), 95 
(74%). HR-MS(EI): m/e calculated for C11H16O6S: 276.06676 amu; found: 276.06690±0.00081 amu. 
 
t-2-Methoxycarbonyl-c-2-phenyl-c-3-ethoxycarbonyloxy-3,6-dihydro-2H-thiopyran r-S-oxide (13bI) 
t-2-Methoxycarbonyl-c-2-phenyl-t-3-ethoxycarbonyloxy-3,6-dihydro-2H-thiopyran r-S-oxide (13bII) 
t-2-Methoxycarbonyl-c-2-phenyl-c-6-ethoxycarbonyloxy-3,6-dihydro-2H-thiopyran r-S-oxide (14bI) 
t-2-Methoxycarbonyl-c-2-phenyl-t-6-ethoxycarbonyloxy-3,6-dihydro-2H-thiopyran r-S-oxide (14bII) 
Starting from E-methoxycarbonyl phenyl sulfine 1b (0.98 g, 5.0 mmol), trans-1-ethoxycarbonyloxy-1,3-
butadiene (1.2 equiv.) and SnCl4 (10 mol%), a mixture of compound 13bI (spot 3 on TLC) and compound 
13bII (spot 4 on TLC, 'slowest moving') was obtained as a white solid (0.90 g, 53%) and a mixture of 
compound 14bI (spot 2 on TLC) and compound 14bII (spot 1 on TLC, 'fastest moving') was obtained as a 
yellowish oil (0.27 g, 16%), after column chromatography with hexane / ethyl acetate (3:1→1:2, v/v). Ratio 
13bI : 13bII = 95:5 (NMR) Ratio 14bI : 14bII = 75:25 (NMR). Recrystallization from diisopropyl ether 
provided an analytically pure sample of 13bI. 
Compound 13bI: Mp. 127-129°C. IR(KBr): ν 1745 and 1725 (C=O), 1070 (S=O). 1H-NMR(300 MHz, 
CDCl3): δ 1.25 (t, 3J=7.1 Hz, 3H, -CH2CH3), 2.45-2.54 (m, 1H, C-CHsynHanti-SO), 3.36 (ABX, 2J=16.3 Hz, 
3J=6.5 Hz, 1H, C-CHsynHanti-SO), 3.83 (s, 3H, OCH3), 4.10-4.20 (m, 2H, -CH2CH3), 5.67-5.75 (m, 1H, 
CH=CH-CH2-SO), 6.05-6.12 (m, 2H, CH-CH=CH-CH2-SO), 7.39-7.54 (m, 5H, arom. H). 13C-NMR (25 
MHz, CDCl3): δ 13.9 (q, -CH2CH3), 44.8 (t, C-CH2-SO), 53.7 (q, -OCH3), 64.8 (t, -CH2CH3), 72.6 (d, -CH-O-
), 74.7 (s, -C-CO2CH3), 119.5 and 128.9/129.4 (d, CH=CH), 127.3 (s, arom. Ci), 127.7 (d, arom. Cortho/meta), 
129.4/128.9 (d, arom. Cpara), 129.5 (d, arom. Cortho/meta), 154.1 (s, O-C(=O)OCH2CH3), 169.7 (s, CO2CH3). 
MS(CI): m/e 339 (M++1, 33%), 338 (M+, 14%), 249 (M+-OC(=O)OCH2CH3, 98%), 217 (22%), 201 (45%), 
187 (100%), 157 (39%). Elemental analysis: calculated for C16H18O6S (338.381): C 56.79, H 5.36, S 9.48; 
found C 56.28, H 5.21, S 9.03. 
Compound 13bII: 1H-NMR(300 MHz, CDCl3), some characteristic absorptions: δ 1.30 (t, 3J=7.1 Hz, 3H, -
CH2CH3), 3.80 (s, 3H, OCH3). 
Mixture of 14bI and 14bII: IR(KBr): ν 1750 (2×C=O), 1060 (S=O). 1H-NMR(300 MHz, CDCl3): δ 1.34 (t, 
3J=7.1 Hz, 3H, -CH2CH3), 3.01-3.24 (m, 2H, C-CH2-C), 3.75 (s, 3H, OCH3, 14bII), 3.76 (s, 3H, OCH3, 
14bI), 4.29 (q, 3J=7.1 Hz, 2H, -CH2CH3, 14bI), 4.32 (q, 3J=7.1 Hz, 2H, -CH2CH3, 14bII) 5.63-5.67 (m, 2H, 
CH=CH-CH-SO, 14bI and CH=CH-CH-SO, 14bII), 5.78-5.83 (m, 1H, CH=CH-CH-SO, 14bII), 6.09-6.12 
(m, 1H, CH=CH-CH-SO, 14bI), 6.17-6.24 (m, 1H, CH=CH-CH-SO, 14bI), 6.27-6.35 (m, 1H, CH=CH-CH-
SO, 14bII), 7.28-7.55 (m, 5H, arom. H). MS(CI): m/e 339 (M++1, 6%), 338 (M+, 1%), 290 (M+-SO, 24%), 
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 249 (M+-OC(=O)OCH2CH3, 16%), 217 (32%), 189 (46%), 187 (42%), 185 (46%), 157 (100%), 87 (48%), 47 
(32%). HR-MS(EI): m/e calculated for C16H18O6S: 338.08241 amu; found: 338.08239±0.00099 amu. 13C-
NMR (25 MHz, CDCl3): compound 14bI: δ 14.2 (q, -CH2CH3), 24.4 (t, C-CH2-C), 53.4 (q, OCH3), 65.5 (t, -
CH2CH3), 71.4 (s, -C-CO2CH3), 83.0 (d, -CH-O-), 119.2 and 129.2/130.7 (d, CH=CH), 127.0 (d, arom. 
Cortho/meta), 129.5 (d, arom. Cortho/meta), 130.7/129.2 (d, arom. Cpara), 134.9 (s, arom. Ci), 153.9 (s, O-
C(=O)OCH2CH3), 170.1 (s, CO2CH3). Compound 14bII: characteristic absorptions δ 24.9 (t, C-CH2-C), 
84.2 (d, -CH-O-). 
 
t-2-Methoxycarbonyl-c-2-phenyl-c-3-(2,2,2-trichloroethoxycarbonyloxy)-3,6-dihydro-
2H-thiopyran r-S-oxide (15bI) 
t-2-Methoxycarbonyl-c-2-phenyl-t-3-(2,2,2-trichloroethoxycarbonyloxy)-3,6-dihydro-
2H-thiopyran r-S-oxide (15bII) 
t-2-Methoxycarbonyl-c-2-phenyl-c-6-(2,2,2-trichloroethoxycarbonyloxy)-3,6-dihydro-
2H-thiopyran r-S-oxide (16bI) 
t-2-Methoxycarbonyl-c-2-phenyl-t-6-(2,2,2-trichloroethoxycarbonyloxy)-3,6-dihydro-
2H-thiopyran r-S-oxide (16bII) 
Starting from E-methoxycarbonyl phenyl sulfine 1b (0.21 g, 1.04 mmol) and trans-1-(2,2,2-
trichloroethoxycarbonyloxy)-1,3-butadiene (1.2 equiv.), compound 15bI (spot 3 on TLC, 'slowest moving') 
was obtained as a white solid (0.22 g, 46%) and a mixture of compound 16bI (spot 2 on TLC) and 
compound 16bII (spot 1 on TLC, 'fastest moving') was obtained as a yellowish oil (0.08 g, 17%), after 
column chromatography with hexane / ethyl acetate (3:1→1:1, v/v). Recrystallization from diisopropyl 
ether provided an analytically pure sample of 15bI. Compound 15bII was not detected (TLC, NMR). Ratio 
16bI : 16bII = 75:25 (NMR). 
Compound 15bI: Mp. 68-70°C. IR(KBr): ν 1755 and 1720 (C=O), 1075 (S=O). 1H-NMR(300 MHz, CDCl3): 
δ 2.60-2.68 (d of m, 1H, C-CHsynHanti-SO), 3.38 (ABX, 2J=16.6 Hz, 3J=6.1 Hz, 1H, C-CHsynHanti-SO), 3.83 
(s, 3H, OCH3), 4.66 (A of AB, 2J=11.9 Hz, 1H, -CHaHbCCl3), 4.74 (B of AB, 2J=11.9 Hz, 1H, -CHaHbCCl3), 
5.74-5.82 (m, 1H, CH=CH-CH2-SO), 6.11-6.20 (m, 2H, CH-CH=CH-CH2-SO), 7.40-7.58 (m, 5H, arom. H). 
13C-NMR (75 MHz, CDCl3): δ 45.0 (t, C-CH2-SO), 54.0 (q, -OCH3), 73.8 (d, -CH-O-), 74.7 (s, -C-CO2CH3), 
77.1 (t, -CH2CCl3), 79.1 (s, CCl3), 120.1 and 128.6/129.2 (d, CH=CH), 127.7 (s, arom. Ci), 128.0 (d, arom. 
Cortho/meta), 129.2/128.6 (d, arom. Cpara), 129.4 (d, arom. Cortho/meta), 153.4 (s, O-C(=O)OCH2CH3), 169.0 (s, 
CO2CH3). MS(CI): m/e 441 (M++1, 7%), 249 (M+-OC(=O)OCH2CCl3, 98%), 201 (46%), 187 (100%). 
MS(CI) "Isotope Cluster Abundance" analysis; calculated for C16H16Cl3O6S: m/e 441 (96.8%), 442 
(18.7%), 443 (100%), 444 (19.0%), 445 (36.7%), 446 (6.8%), 447 (5.5%), 448 (1.0%); found m/e 441 
(97.9%), 442 (42.6%), 443 (100%), 444 (25.7%), 445 (35.7%), 446 (6.7%), 447 (4.5%), 448 (0.3%). 
Elemental analysis: calculated for C16H15Cl3O6S (441.716): C 43.51, H 3.43, S 7.26; found C 39.58, H 3.28, S 
6.10. 
Compound 16bI: 1H-NMR(100 MHz, CDCl3): δ 3.09-3.25 (m, 2H, C-CH2-C), 3.78 (s, 3H, OCH3), 4.84 (s, 
2H, -CH2CCl3) 5.65-5.80 (m, 1H, CH=CH-CH-SO), 6.16-6.37 (m, 2H, CH=CH-CH-SO and CH=CH-CH-
SO), 7.29-7.60 (m, 5H, arom. H). 
Compound 16bII: 1H-NMR(100 MHz, CDCl3), characteristic absorption: δ 3.76 (s, 3H, OCH3). 
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 t-2-Methoxycarbonyl-c-2-phenyl-c-3-allyloxycarbonyloxy-3,6-dihydro-2H-thiopyran r-S-oxide (17bI) 
t-2-Methoxycarbonyl-c-2-phenyl-t-3-allyloxycarbonyloxy-3,6-dihydro-2H-thiopyran r-S-oxide (17bII) 
t-2-Methoxycarbonyl-c-2-phenyl-c-6-allyloxycarbonyloxy-3,6-dihydro-2H-thiopyran r-S-oxide (18bI) 
t-2-Methoxycarbonyl-c-2-phenyl-t-6-allyloxycarbonyloxy-3,6-dihydro-2H-thiopyran r-S-oxide (18bII) 
Starting from E-methoxycarbonyl phenyl sulfine 1b (0.39 g, 2.0 mmol), and trans-1-allyloxycarbonyloxy-
1,3-butadiene (1.2 equiv.), a mixture of compound 17bI (spot 3 on TLC) and compound 17bII (spot 4 on 
TLC, 'slowest moving') was obtained as a slightly yellow liquid (0.14 g, 20%) and a mixture of compound 
18bI (spot 2 on TLC) and compound 18bII (spot 1 on TLC, 'fastest moving') was obtained as a yellowish 
oil (63 mg, 9%), after column chromatography with hexane / ethyl acetate (2:1→0:1, v/v). Ratio 17bI : 
17bII = 85:15 (NMR). Ratio 18bI : 18bII = 80:20 (NMR). 
Mixture of 17bI and 17bII: IR(KBr): ν 1750 (C=O), 1080 (S=O). MS(CI): m/e 351 (M++1, 86%), 350 (M+, 
20%), 249 (M+-OC(=O)OCH2CH=CH2, 100%), 217 (16%), 201 (43%), 187 (98%), 157 (39%), 141 (41%), 
129 (39%), 115 (25%), 105 (30%), 91 (C7H7+, 32%). Compound 17bI: 1H-NMR(300 MHz, CDCl3): δ 2.44-
2.51 (d of m, 1H, C-CHsynHanti-SO), 3.34 (ABX, 2J=16.3 Hz, 3J=6.4 Hz, 1H, C-CHsynHanti-SO), 3.80 (s, 3H, 
OCH3), 4.56 (d, 3J=5.7 Hz, 2H, -OCH2-CH=CH2), 5.21-5.36 (m, 2H, -OCH2-CH=CH2), 5.67-5.74 (m, 1H, 
CH=CH-CH2-SO), 5.78-5.90 (m, 1H, -OCH2-CH=CH2), 6.04-6.22 (m, 2H, CH-CH=CH-CH2-SO), 7.24-
7.51 (m, 5H, arom. H). 13C-NMR (75 MHz, CDCl3): δ 44.7 (t, C-CH2-SO), 53.7 (q, -OCH3), 69.0 (t, -OCH2-
CH=CH2), 72.8 (d, -CH-O-), 74.8 (s, -C-CO2CH3), 119.2, 124.4 and 130.9 (d, CH=CH and -OCH2-
CH=CH2), 127.6-129.5 (arom. C), 153.9 (s, O-C(=O)OCH2CH3), 169.1 (s, CO2CH3). Compound 17bII: 1H-
NMR(300 MHz, CDCl3), some characteristic absorptions: δ 3.55 (ABX, 2J=16.8 Hz, 3J=6.7 Hz, 1H, C-
CHsynHanti-SO), 3.78 (s, 3H, OCH3), 4.61-4.63 (m, 2H, -OCH2-CH=CH2). 13C-NMR(75 MHz, CDCl3), some 
characteristic absorptions: δ 45.8 (t, C-CH2-SO), 53.1 (q, -OCH3), 68.9 (t, -OCH2-CH=CH2), 153.6 (s, O-
C(=O)OCH2CH3), 168.7 (s, CO2CH3). 
Mixture of 18bI and 18bII: IR(KBr): ν 1740 (C=O), 1080 (S=O). MS(CI): m/e 351 (M++1, 46%), 350 (M+, 
2%), 302 (M+-SO, 45%), 257 (82%), 249 (M+-OC(=O)OCH2CH=CH2, 11%), 217 (36%), 197 (32%), 187 
(28%), 185 (30%), 157 (70%), 150 (39%), 149 (37%), 129 (39%), 121 (36%), 115 (25%), 105 (34%), 91 
(C7H7+, 100%). Compound 18bI: 1H-NMR(300 MHz, CDCl3): δ 3.07-3.24 (m, 2H, C-CH2-C), 3.77 (s, 3H, 
OCH3), 4.71 (d, 3J=5.8 Hz, 2H, -OCH2-CH=CH2), 5.29 (d, 3J=11.0 Hz, 1H, -OCH2-CH=CHcisHtrans), 5.40 (d, 
3J=17.2 Hz, 1H, -OCH2-CH=CHcisHtrans), 5.62-5.67 (m, 1H, CH=CH-CH2-SO), 5.88-6.01 (m, 1H, -OCH2-
CH=CH2), 6.11 (br. s, 1H, CH-CH=CH), 6.17-6.24 (m, 1H, CH=CH-CH2-SO), 7.25-7.54 (m, 5H, arom. H). 
13C-NMR (75 MHz, CDCl3): δ 24.1 (t, C-CH2-C), 53.2 (q, OCH3), 69.4 (t, -OCH2-CH=CH2), 71.3 (s, -C-
CO2CH3), 82.9 (d, -CH-O-), 119.7, 126.8 and 130.6 (d, CH=CH and -OCH2-CH=CH2), 127.2-134.6 (arom. 
C), 153.7 (s, O-C(=O)OCH2CH3), 169.9 (s, CO2CH3). Compound 18bII: 1H-NMR(300 MHz, CDCl3), some 
characteristic absorptions: δ 3.75 (s, 3H, OCH3). 13C-NMR(75 MHz, CDCl3), some characteristic 
absorptions: δ 24.6 (t, C-CH2-C), 53.0 (q, -OCH3), 84.0 (d, -CH-O-), 151.7 (s, O-C(=O)OCH2CH3), 171.9 (s, 
CO2CH3). 
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 t-2-Methoxycarbonyl-c-2-phenyl-c-3-N,N-diethylcarbamoxyloxy-3,6-dihydro-2H-thiopyran r-S-oxide (19bI) 
t-2-Methoxycarbonyl-c-2-phenyl-t-3-N,N-diethylcarbamoxyloxy-3,6-dihydro-2H-thiopyran r-S-oxide (19bII) 
t-2-Methoxycarbonyl-c-2-phenyl-c-6-N,N-diethylcarbamoxyloxy-3,6-dihydro-2H-thiopyran r-S-oxide (20bI) 
t-2-Methoxycarbonyl-c-2-phenyl-t-6-N,N-diethylcarbamoxyloxy-3,6-dihydro-2H-thiopyran r-S-oxide (20bII) 
Starting from E-methoxycarbonyl phenyl sulfine 1b (0.98 g, 5.0 mmol), trans-1-N,N-
diethylcarbamoxyloxy-1,3-butadiene (1.2 equiv.) and SnCl  (10 mol%), compound 19bI ('slow moving') 
was obtained as a white solid (1.24 g, 68%) and compound 20bI ('fast moving') was obtained as a 
yellowish oil (73 mg, 4%), after column chromatography with hexane / ethyl acetate (3:1→1:1, v/v). 
Compounds 19bII and 20bII were not detected (TLC, NMR). Recrystallization from diisopropyl ether 
provided an analytically pure sample of 19bI. 
4
 Mp. 132-135°C. IR(KBr): ν 1720 (C=O)  and 1680 (C=O) , 1055 (S=O). H-
NMR(300 MHz, CDCl ): δ 0.88 and 1.07 (t, J=7.0 Hz, 3H, -N(CH CH ) ), 2.50-2.58 (d of m, 1H, C-
CH H -SO), 3.00-3.23 (m, 4H, -N(CH CH ) ), 3.36 (ABX, J=16.2 Hz, J=6.4 Hz, 1H, C-CH H -SO), 
3.78 (s, 3H, OCH ), 5.64-5.72 (m, 1H, CH=CH-CH -SO), 6.05-6.10 (m, 1H, CH=CH-CH -SO), 6.22 (br. s, 
1H, CH-CH=CH-CH ), 7.38-7.56 (m, 5H, arom. H). C-NMR (25 MHz, CDCl ): δ 13.1 and 13.3 (q, -
N(CH CH ) ), 41.2 and 41.9 (t, -N(CH CH ) ), 44.6 (t, C-CH -SO), 53.4 (q, -OCH ), 69.4 (d, -CH-O-), 75.0 
(s, -C-CO CH ), 118.5 and 128.5/130.6 (d, CH=CH), 127.3 (d, arom. C ), 128.0 (s, arom. C ), 
130.6/128.5 (d, arom. C ), 129.5 (d, arom. C ), 153.9 (s, O-C(=O)OCH CH ), 169.2 (s, CO CH ). 
MS(CI): m/e 366 (M +1, 10%), 365 (M , 36%), 317 (M -SO, 21%), 249 (M -OC(=O)N(CH CH ) , 22%), 
201 (27%), 141 (23%), 100 (C(=O)N(CH CH ) , 100%), 72 (N(CH CH ) , 26%). Elemental analysis: 
calculated for C H NO S (365.450): C 59.16, H 6.34, N 3.83, S 8.77; found C 59.26, H 6.11, N 3.95, S 
8.75. 
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Compound 20bI: Mp. >240°C (dec.). 1H-NMR(300 MHz, CDCl3): δ 1.17 (t, 3J=7.1 Hz, 6H, -N(CH2CH3)2), 
3.09-3.14 (m, 2H, C-CH2-C), 3.35 (q, 2J=7.1 Hz, 4H, -N(CH2CH3)2), 3.80 (s, 3H, OCH3), 5.59-5.65 (m, 1H, 
CH=CH-CH2-SO), 6.15-6.22 (m, 1H, CH=CH-CH2-SO), 6.25-6.28 (m, 1H, CH-CH=CH), 7.27-7.58 (m, 5H, 
arom. H). 13C-NMR (25 MHz, CDCl3): δ 13.2 and 13.9 (q, -N(CH2CH3)2), 24.6 (t, C-CH2-C), 41.6 and 42.4 
(t, -N(CH2CH3)2), 53.1 (q, -OCH3), 70.7 (s, -C-CO2CH3), 80.6 (d, -CH-O-), 119.9 and 128.4/129.7 (d, 
CH=CH), 126.7 (d, arom. Cortho/meta), 127.0 (s, arom. Ci), 129.7/128.4 (d, arom. Cpara), 129.0 (d, arom. 
Cortho/meta), 153.7 (s, O-C(=O)OCH2CH3), 169.6 (s, CO2CH3). MS(CI): m/e 366 (M++1, 1%), 365 (M+, 3%), 
317 (M+-SO, 1%), 249 (M+-OC(=O)N(CH2CH3)2, 1%), 189 (2%), 157 (1%), 100 (C(=O)N(CH2CH3)2, 100%), 
72 (N(CH2CH3)2, 35%). Elemental analysis: calculated for C18H23NO5S (365.450): C 59.16, H 6.34, N 3.83, 
S 8.77; found C 59.66, H 6.24, N 3.93, S 7.64. 
 
trans-1-Ethoxycarbonyloxy-1,3-butadiene (21) 
A literature procedure was followed.[23] Starting from crotonic aldehyde (9.8 mL, 120 mmol), potassium 
tert-butoxide (140 mmol) and ethyl chloroformate (150 mmol), compound 21 was obtained as a colorless 
liquid (14.67 g, 86%) after distillation in vacuo. Ratio trans : cis = 98:2 (GLC). 
Bp. 56-57°C (4 mm Hg). Lit.[23] 42°C (3 mm Hg). H-NMR (100 MHz, CDCl1 3): δ 1.35 (t, 3J=7.1 Hz, 3H, -
OCH2CH3), 4.24 (q, 3J=7.1 Hz, 2H, -OCH2CH3), 5.10 (d, 3J=7.6 Hz, 1H, OCH=CH-CH=CHtransHcis), 5.22 (d, 
3J=15.0 Hz, 1H, O-CH=CH-CH=CHtransHcis), 6.03-6.47 (m, 2H, O-CH=CH-CH=CH2 and O-CH=CH-
CH=CH2), 7.21 (d, 3J=11.1 Hz, 1H, O-CH=CH-CH=CH2). All other physical data were in agreement with 
those reported in the literature.[23] 
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 trans-1-(2,2,2-Trichloroethoxycarbonyloxy)-1,3-butadiene (22) 
A literature procedure was followed.[23] Starting from crotonic aldehyde (4.9 mL, 60 mmol), potassium 
tert-butoxide (70 mmol) and 2,2,2-trichloroethyl chloroformate (75 mmol), compound 22 was obtained 
as a colorless liquid (13.99 g, 95%) after distillation in vacuo. Ratio trans : cis = 96:4 (GLC). 
Bp. 92-93.5°C (0.75 mm Hg). Lit.[23] 99°C (0.7 mm Hg). 1H-NMR (100 MHz, CDCl3): δ 4.83 (s, 2H, -
OCH2CCl3), 5.15 (d, 3J=8.3 Hz, 1H, OCH=CH-CH=CHtransHcis), 5.28 (d, 3J=13.8 Hz, 1H, O-CH=CH-
CH=CHtransHcis), 6.02-6.48 (m, 2H, O-CH=CH-CH=CH2 and O-CH=CH-CH=CH2), 7.22 (d, 3J=11.0 Hz, 
1H, O-CH=CH-CH=CH2). All other physical data were in agreement with those reported in the 
literature.[23] 
 
trans-1-Allyloxycarbonyloxy-1,3-butadiene (23) 
A literature procedure was followed.[23] Starting from crotonic aldehyde (4.9 mL, 60 mmol), potassium 
tert-butoxide (70 mmol) and allyl chloroformate (75 mmol), compound 23 was obtained as a colorless 
liquid (8.42 g, 91%) after distillation in vacuo. Ratio trans : cis = 99:1 (GLC). 
Bp. 80-84°C (11 mm Hg). Lit.[23] 55°C (0.8 mm Hg). 1H-NMR (100 MHz, CDCl3): δ 4.69 (d, 3J=5.6 Hz, 2H, 
-OCH2-CH=CH2), 5.06-5.48 (m, 4H, 2× -CH=CH2), 5.77-6.46 (m, 3H, O-CH2-CH, O-CH=CH-CH=CH2 
and O-CH=CH-CH=CH2), 7.21 (d, 3J=11.4 Hz, 1H, O-CH=CH-CH=CH2). All other physical data were in 
agreement with those reported in the literature.[23] 
 
trans-1-N,N-Diethoxycarbamoxyloxy-1,3-butadiene (24) 
A literature procedure was followed.[23] Starting from crotonic aldehyde (9.8 mL, 120 mmol), potassium 
tert-butoxide (140 mmol) and N,N-diethylcarbamoyl chloride (150 mmol), compound 24 was obtained as 
a colorless liquid (19.16 g, 94%) after distillation in vacuo. Ratio trans : cis = 97:3 (GLC). 
Bp. 75-83°C (1 mm Hg). Lit.[23] 74-84°C (1 mm Hg). 1H-NMR (100 MHz, CDCl3): δ 1.16 (t, 3J=7.1 Hz, 6H, -
N(CH2CH3)2), 3.33 (q, 3J=7.1 Hz, 4H, -O(CH2CH3)2), 5.00 (d, 3J=9.8 Hz, 1H, OCH=CH-CH=CHtransHcis), 
5.14 (d, 3J=16.5 Hz, 1H, O-CH=CH-CH=CHtransHcis), 5.95-6.50 (m, 2H, O-CH=CH-CH=CH2 and O-
CH=CH-CH=CH2), 7.38 (d, 3J=12.2 Hz, 1H, O-CH=CH-CH=CH2). All other physical data were in 
agreement with those reported in the literature.[23] 
 
trans-1-Trimethylsilyloxy-1,3-butadiene (25) 
A literature procedure[27] was exactly followed and compound 25 was obtained as a colorless liquid (10.6 g, 
75%) after distillation in vacuo. Ratio trans : cis = 91:9 (GLC). 
Bp. 63-64°C (60 mm Hg). Lit.[29] 71-73°C (65 mm Hg). All other physical data were in agreement with 
those reported in the literature.[29] 
 
trans-1-Acetoxy-1,3-butadiene (26) 
A procedure similar to the literature procedure[23] for the synthesis of dienes 21-24 was followed, however, 
the mixture was remained at -78°C until all acetyl chloride was slowly added. Starting from crotonic 
aldehyde (9.8 mL, 120 mmol), potassium tert-butoxide (140 mmol) and acetyl chloride (150 mmol), 
compound 26 was obtained as a colorless liquid (10.5 g, 78%) after distillation in vacuo. Ratio trans : cis = 
96:4 (GLC). 
Bp. 50-60°C (40 mm Hg). NMR data were in full agreement with those obtained from a commercial 
sample containing a mixture of cis- and trans-1-acetoxy-1,3-butadiene. 
 94
 3.7 Appendix I‡: Crystallographic data 
 
c-3,c-6-Diacetoxy-t-2-methoxycarbonyl-c-2-methyl-3,6-dihydro-2H-thiopyran r-S-oxide (8aI)   
Crystals of 8aI suitable for X-ray diffraction studies were obtained from an isopropyl alcohol / hexane 
mixture by slow cooling of the solvent. A single crystal was mounted in air on a glass fibre. Intensity 
data were collected at room temperature. An Enraf-Nonius CAD4 single-crystal diffractometer was 
used, Cu-Kα radiation, θ-2θ scan mode. Unit cell dimensions were determined from the angular 
setting of 13 reflections. Intensity data were corrected for Lorentz and polarization effects. The 
structure was solved by the program CRUNCH[31] and was refined with standard methods (refinement 
against F2 of all reflections with SHELXL97[32]) with anisotropic parameters for the nonhydrogen 
atoms. All hydrogen atoms were placed at calculated positions and were refined riding on the parent 
atoms. A structure determination summary is given in Table 3.8. A PLUTON drawing[33] is shown in 
Figure 3.1. 
 
Table 3.8  Crystal data and structure refinement for compound 8aI 
 
Crystal color                                transparent colorless 
Crystal shape              irregular flat needle 
Crystal size               0.26 × 0.10 × 0.03 mm 
Empirical formula             C12H16O7S 
Formula weight              304.31 g⋅mol-1 
Temperature              293(2) K 
Wavelength   1.54184 Å 
Crystal system, space group          Triclinic, P-1 
Unit cell dimensions            a = 7.2946(13) Å; α = 89.999(5)° 
(13 reflections, 15.104 < θ < 24.009)                       b = 10.5340(13) Å; β = 89.981(7)° 
   c = 19.3464(9) Å; γ = 82.621(8)° 
Volume                                       1474.3(3) Å3 
Z   4 
Calculated density             1.371 g⋅cm-3 
Absorption coefficient            2.221 mm-1 
F(000)                640 
θ-range for data collection          4.23 - 70.02° 
Index ranges              0 ≤ h ≤ 8, -12 ≤ k ≤ 12, -23 ≤ l ≤23 
Reflections collected / unique         5781 / 5340 [Rint = 0.0953] 
Reflections observed            1702 ([Io > 2σ(Io)]) 
Refinement method            Full-matrix least-squares on F2 
Data / restraints / parameters         5340 / 0 / 361 
Goodness-of-fit on F2            2.016 
SHELXL-97 weight parameters   0.100000 / 0.00000 
Final R indices [I > 2σ(I)]          R1 = 0.2167, wR2 = 0.4241 
R indices (all data)             R1 = 0.4099, wR2 = 0.5048 
Largest diff. peak and hole          0.832 and -1.288 e⋅Å-3 
‡ We like to thank Dr. R. de Gelder and Dr. J.M.M. Smits for determining the crystal structures of compounds 
8aI, 9bII, 11aI, 12bI and 11cII. 
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 t-2-Methoxycarbonyl-c-2-phenyl-t-3-methoxy-3,6-dihydro-2H-thiopyran-r-S-oxide (9bII) 
Crystals of 9bII suitable for X-ray diffraction studies were obtained from diisopropyl ether by slow 
cooling of the solvent. A single crystal was mounted in air on a glass fibre. Intensity data were 
collected at room temperature. An Enraf-Nonius CAD4 single-crystal diffractometer was used, Cu-Kα 
radiation, θ-2θ scan mode. Unit cell dimensions were determined from the angular setting of 22 
reflections. Intensity data were corrected for Lorentz and polarization effects. Semi-empirical 
absorption correction (ψ-scans)[30] was applied. The structure was solved by the program CRUNCH[31] 
and was refined with standard methods (refinement against F2 of all reflections with SHELXL97[32]) 
with anisotropic parameters for the nonhydrogen atoms. All hydrogen atoms were placed at 
calculated positions and were refined riding on the parent atoms. A structure determination summary 
is given in Table 3.9. A PLUTON drawing[33] is shown in Figure 3.2. 
 
 
Table 3.9  Crystal data and structure refinement for 9bII 
 
Crystal color               transparent colorless 
Crystal shape              regular fragment 
Crystal size               0.36 × 0.26 × 0.13 mm 
Empirical formula             C14H16O4S 
Formula weight              280.33 
Temperature              293(2) K 
Wavelength   1.54184 Å 
Crystal system, space group          Orthorhombic, Pbc21 
Unit cell dimensions            a, α =  8.9701(6) Å,   90° 
(22 reflections, 20.331 < θ < 43.243)       b, β = 14.3409(10) Å,  90° 
                  c, γ = 21.8378(17) Å,  90° 
Volume                2809.2(3) Å3 
Z                  8 
Calculated density             1.326 g⋅cm-3 
Absorption coefficient            2.123 mm-1 
F(000)                1184 
θ-range for data collection          4.05 - 69.89° 
Index ranges              -10 ≤ h ≤ 0, -17 ≤ k ≤ 0, -26 ≤ l ≤ 0 
Reflections collected / unique         2735 / 2735 
Reflections observed            2539 ([Io > 2σ(Io)]) 
Range of relat. transm. factors         1.125 - 0.925 
Refinement method            Full-matrix least-squares on F2 
Data / restraints / parameters         2735 / 1 / 347 
Goodness-of-fit on F2            1.023 
SHELXL-97 weight parameters   0.061700 / 0.365500 
Final R indices [I > 2σ(I)]          R1 = 0.0351, wR2 = 0.0927 
R indices (all data)             R1 = 0.0385, wR2 = 0.0955 
Largest diff. peak and hole          0.156 and -0.283 e⋅Å-3 
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 t-2-Methoxycarbonyl-c-2-methyl-c-3-acetoxy-3,6-dihydro-2H-thiopyran r-S-oxide (11aI) 
Crystals of 11aI suitable for X-ray diffraction studies were obtained by recrystallization from 
diisopropyl ether. A single crystal was mounted in air on a glass fibre. Intensity data were collected at 
room temperature. An Enraf-Nonius CAD4 single-crystal diffractometer was used, Cu-Kα radiation, 
θ-2θ scan mode. Unit cell dimensions were determined from the angular setting of 25 reflections. 
Intensity data were corrected for Lorentz and polarization effects. Semi-empirical absorption 
correction (ψ-scans)[30] was applied. The structure was solved by the program CRUNCH[31] and was 
refined with standard methods (refinement against F2 of all reflections with SHELXL97[32]) with 
anisotropic parameters for the nonhydrogen atoms. All hydrogen atoms were initially placed at 
calculated positions and were freely refined subsequently. A structure determination summary is 
given in Table 3.10. A PLUTON drawing[33] is shown in Figure 3.3. 
 
 
Table 3.10  Crystal data and structure refinement for 11aI 
 
Crystal color               transparent colorless 
Crystal shape              regular fragment 
Crystal size               0.37 × 0.34 × 0.22 mm 
Empirical formula             C10H14O5S 
Formula weight              246.27 
Temperature              293(2) K 
Wavelength               1.54184 Å 
Crystal system, space group          Monoclinic, C2/c 
Unit cell dimensions            a, α = 11.0472(2) Å,  90° 
(25 reflections, 39.974 < θ < 46.286)       b, β =  9.83610(19) Å, 101.3343(18)° 
                  c, γ = 22.7873(6) Å,  90° 
Volume                2427.80(10) Å3 
Z                  8 
Calculated density             1.348 g·cm-3 
Absorption coefficient            2.438 mm-1 
F(000)                1040 
θ-range for data collection          3.96 - 69.99° 
Index ranges              -13 ≤ h ≤ 13, -11 ≤ k ≤ 0, -27 ≤ l ≤ 0 
Reflections collected / unique         2347 / 2286 [Rint = 0.0430] 
Reflections observed            2137 ([Io > 2σ(Io)]) 
Range of relat. transm. factors         1.266 and 0.869 
Refinement method            Full-matrix least-squares on F2 
Data / restraints / parameters         2286 / 0 / 202 
Goodness-of-fit on F2            1.098 
SHELXL-97 weight parameters         0.063000 / 3.242100 
Final R indices [I > 2σ(I)]          R1 = 0.0480, wR2 = 0.1300 
R indices (all data)             R1 = 0.0507, wR2 = 0.1333 
Extinction coefficient            0.00120(16) 
Largest diff. peak and hole          0.620 and -0.433 e·Å-3 
 
 97
 t-2-Methoxycarbonyl-c-2-phenyl-c-6-acetoxy-3,6-dihydro-2H-thiopyran r-S-oxide (12bI) 
Crystals of 12bI suitable for X-ray diffraction studies were obtained from diisopropyl ether by slow 
cooling of the solvent. A single crystal was mounted in air on a glass fibre. Intensity data were 
collected at room temperature. An Enraf-Nonius CAD4 single-crystal diffractometer was used, Cu-Kα 
radiation, θ-2θ scan mode. Unit cell dimensions were determined from the angular setting of 19 
reflections. Intensity data were corrected for Lorentz and polarization effects. Semi-empirical 
absorption correction (ψ-scans)[30] was applied. The structure was solved by the program CRUNCH[31] 
and was refined with standard methods (refinement against F2 of all reflections with SHELXL97[32]) 
with anisotropic parameters for the nonhydrogen atoms. All hydrogen atoms were taken from a 
difference Fourier map and were freely refined. A structure determination summary is given in Table 
3.11. A PLUTON drawing[33] is shown in Figure 3.3. 
 
 
Table 3.11  Crystal data and structure refinement for 12bI 
 
Crystal color               transparent colorless 
Crystal shape              regular needle 
Crystal size               0.33 × 0.10 × 0.03 mm 
Empirical formula             C15H16O5S 
Formula weight              308.34 
Temperature              293(2) K 
Wavelength               1.54184 Å 
Crystal system, space group          Monoclinic, P21/c 
Unit cell dimensions            a, α = 11.6710(8) Å,   90° 
(19 reflections, 10.756 < θ < 44.819)       b, β =  6.3226(10) Å, 100.247(9)° 
                  c, γ = 20.0908(15) Å,  90° 
Volume                1458.9(3) Å3 
Z                  4 
Calculated density             1.404 g·cm-3 
Absorption coefficient            2.152 mm-1 
F(000)                648 
θ-range for data collection          3.85 - 69.85° 
Index ranges              -14 ≤ h ≤ 0, -7 ≤ k ≤ 0, -24 ≤ l ≤ 24 
Reflections collected / unique         2904 / 2761 [Rint = 0.0138] 
Reflections observed            2034 ([Io > 2σ(Io)]) 
Range of relat. transm. factors         1.050 and 0.964 
Refinement method            Full-matrix least-squares on F2 
Data / restraints / parameters         2761 / 0 / 254 
Goodness-of-fit on F2            1.025 
SHELXL-97 weight parameters         0.042600 / 0.743900 
Final R indices [I > 2σ(I)]          R1 = 0.0435, wR2 = 0.0940 
R indices (all data)             R1 = 0.0681, wR2 = 0.1053 
Largest diff. peak and hole          0.187 and -0.334 e·Å-3 
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 2,2-Dimethoxycarbonyl-t-3-acetoxy-3,6-dihydro-2H-thiopyran r-S-oxide (11cII) 
Crystals of 11cII suitable for X-ray diffraction studies were obtained from diisopropyl ether by slow 
evaporation of the solvent. A single crystal was mounted in air on a glass fibre. Intensity data were 
collected at room temperature. An Enraf-Nonius CAD4 single-crystal diffractometer was used, Cu-Kα 
radiation, θ-2θ scan mode. Unit cell dimensions were determined from the angular setting of 25 
reflections. Intensity data were corrected for Lorentz and polarization effects. Semi-empirical 
absorption correction (ψ-scans)[30] was applied. The structure was solved by the program CRUNCH[31] 
and was refined with standard methods (refinement against F2 of all reflections with SHELXL97[32]) 
with anisotropic parameters for the nonhydrogen atoms. All hydrogen atoms were taken from a 
difference Fourier map and were freely refined. A structure determination summary is given in Table 
3.12. A PLUTON drawing[33] is shown in Figure 3.3. 
 
Table 3.12  Crystal data and structure refinement for 11cII 
 
Crystal color               transparent colorless 
Crystal shape              rough fragment 
Crystal size               0.38 × 0.28 × 0.21 mm 
Empirical formula             C11H14O7S 
Formula weight              290.28 
Temperature              293(2) K 
Wavelength               1.54184 Å 
Crystal system, space group          Monoclinic, C2/c 
Unit cell dimensions            a, α = 26.8967(8) Å,   90° 
(25 reflections, 40.086 < θ < 45.939)       b, β = 7.9698(2) Å,  117.189(2)° 
                  c, γ = 14.4851(3) Å,   90° 
Volume                2761.95(13) Å3 
Z                  8 
Calculated density             1.396 g·cm-3 
Absorption coefficient            2.345 mm-1 
F(000)                1216 
θ-range for data collection          3.70 - 69.86° 
Index ranges              -32 <= h <= 28, -9 <= k <= 0, 0 <= l <= 17 
Reflections collected / unique         2729 / 2614 [Rint = 0.0408] 
Reflections observed            2395 ([Io > 2σ(Io)]) 
Range of relat. transm. factors         1.166 and 0.853 
Refinement method            Full-matrix least-squares on F2 
Data / restraints / parameters         2614 / 0 / 229 
Goodness-of-fit on F2            1.044 
SHELXL-97 weight parameters         0.076900 / 2.725500 
Final R indices [I > 2σ(I)]          R1 = 0.0468, wR2 = 0.1291 
R indices (all data)             R1 = 0.0499, wR2 = 0.1323 
Extinction coefficient            0.00182(17) 
Largest diff. peak and hole          0.425 and -0.308 e·Å-3 
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 3.8 Appendix II: Synthesis of 1-substituted-1,3-butadienes 
 
1-Alkoxycarbamoyl and 1-alkoxycarbonyl substituted 1,3-butadienes are not commercially available. 
However, a literature procedure reported by De Cusati and Olofson[23] offers a general and simple 
method for the preparation of these O-(1,3-butadienyl) carbamates and carbonates in high yields. This 
procedure involves treatment of α,β-unsaturated aldehydes with potassium tert-butoxide in 
tetrahydrofuran at -78°C and subsequent quenching of the resulting enolate with chloroformates or 
carbamoyl chlorides.  
 
Table 3.7  Synthesis of trans-1-substituted-1,3-butadienes 21-26 
O 1. KOtBu / THF, -78°C
2. ,  -78°C → rt
1 hour
OR
21-26
Cl R
 
entry R ratio trans : cisa product yield (%)b literaturec 
1 
2 
3 
4 
C(=O)OEt 
C(=O)OCH2CCl3 
C(=O)OCH2CH=CH2 
C(=O)NEt2  
98 : 2 
96 : 4 
99 : 1 
97 : 3 
21 
22 
23 
24 
86 
95 
91 
94 
83 
68 
58 
75 
5 
6 
SiMe3d 
Ac 
91 : 9 
96 : 4 
25 
26 
75 
78 
  81e 
- 
a Determined by GLC. b Yield after distillation in vacuo. c Reference 22 unless mentioned otherwise. 
d Trimethylsilyl bromide was used as the electrophilic reagent. e Reference 26. 
 
Some experiments reported by these authors using crotonic aldehyde were repeated. The reaction 
proceeded with an exclusive regioselectivity (O- vs. C-alkylation) and an excellent cis/trans 
selectivity. The O-(1,3-butadienyl) carbonates 21-23 and carbamate 24 were obtained in even higher 
yields than reported (Table 3.7). The cis-trans stereoselectivity can be explained as follows.[23] 
Crotonic aldehyde exists for >90% in a planar s-trans W-conformation at 25°C.[24] The calculated ∆E 
for the s-trans to s-cis rotation is 1.8 kcal/mol and ∆H† is 7.4 kcal/mol.[24] Thus, deprotonation of 
crotonic aldehyde at low temperature should provide the stereochemically more rigid enolates in the 
same W-conformation. Acylation of such enolates gives solely trans-1-substituted-1,3-butadienes. The 
same procedure could also successfully be applied for the synthesis of other classes of 1-substituted 
dienes, showing the same outstanding regio- and stereoselectivities. In this way trans-1-acetoxy-1,3-
butadiene (26) was prepared in high yield (Table 3.7). Therefore, this approach is far more attractive 
than the existing routes, which are more laborious[25], or less stereoselective.[26] Furthermore, the 
same procedure has proven its potency in the synthesis of chiral butadienes as will be apparent from 
the excellent results reported in the next Chapter. trans-1-Trimethylsilyloxy-1,3-butadiene (25) was 
prepared from crotonic aldehyde, triethylamine and in situ generated trimethylsilyl bromide following 
a literature procedure.[27]  
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                 CHAPTER 
  
 
 
 
 
ASYMMETRIC DIELS-ALDER REACTIONS  
OF α-OXO SULFINES  
 
 
4.1 Introduction 
 
α-Oxo sulfines represent a rather new class of functionalized sulfines. The reaction of doubly 
activated methylene compounds, silyl ketene acetals, or silyl enol ethers with thionyl chloride 
in the presence of a suitable tertiary amine base is an efficient and versatile method for the 
synthesis of α-oxo sulfines (Chapter 2).[1] Following this methodology a large variety of 
differently substituted α-oxo sulfines could be synthesized and isolated as such (Section 
2.3).[2] α-Oxo sulfines are reactive dienophilic partners in a Diels-Alder reaction with a wide 
range of different 1,3-dienes (Chapter 3). These reactions lead to the formation of 3,6-
dihydro-2H-thiopyran S-oxides in good yields. It has been demonstrated that in some cases 
the Diels-Alder reaction with sulfines can be catalyzed by suitable Lewis acid catalysts. 
 
A fundamental challenge in modern organic chemistry is the asymmetric synthesis of 
enantiopure (bioactive) compounds from prochiral substrates. The asymmetric Diels-Alder 
reaction is of great interest in this respect, because two carbon-carbon σ-bonds and up to 
four new contiguous stereogenic centers are introduced in one single step. In general, an 
asymmetric Diels-Alder reaction can be accomplished by three different approaches, 
involving the use of either i. chiral dienophiles, ii. chiral dienes, or iii. chiral catalysts.[3] 
 
This Chapter deals with the asymmetric Diels-Alder reaction of α-oxo sulfines with the prime 
objective to gain more insight in the factors that control the outcome of these cycloaddition 
reactions, whereby all three aforementioned items will be addressed. 
 
 
4.2 Chiral catalysts 
 
The use of chiral Lewis acids for the asymmetric catalysis of Diels-Alder reactions is well-
established. In one of the earliest examples, published in 1976, the complex of (-)-menthyl 
ethyl ether-boron trifluoride was used as chiral Lewis acid catalyst in the reaction of 
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 cyclcopentadiene and methyl acrylate. The endo-adduct was obtained with low 
enantioselectivity (3% e.e.).[4] Since then, much progress has been achieved[5] using a large 
variety of catalysts containing different metals and chiral ligands. However, high selectivities 
were only obtained when there is little conformational freedom in the Lewis-acid dienophile 
complex. This is commonly achieved by either bidentate chelation of the ligand to the metal 
or by bidentate chelation of the dienophile to the Lewis acid complex or both.[6]  
 
For α-oxo sulfines as the dienophile in a chiral Lewis-acid catalyzed Diels-Alder reaction it is 
proposed that the electron-demanding metal of Lewis acid complexes with either the sulfine 
oxygen atom (Figure 4.1A) or the carbonyl oxygen (Figure 4.1B). Complexation with the 
sulfine oxygen atom seems to be more plausible because calculations showed that this atom 
is the most electronegatively charged.[1f,7] Due to this complexation the thiocarbonyl moiety 
becomes more electron-poor and hence will be a more reactive dienophile in a Diels-Alder 
reaction. One of the enantiotopic faces of the α-oxo sulfine is then shielded by the chiral 
ligand (Aux*), thereby forcing the diene to attack from the antipodal enantioface. The 
enantioselectivity of the reaction depends on the effectiveness of this shielding, which is 
responsible for the energy difference between the conceivable diastereomeric transition 
states.  
 
R1
S
O
R2
O
Aux*
M
X
X
R1
S
O
R2
O
X
X
Aux*
M
(sulfine complexation)A (carbonyl complexation)B  
Figure 4.1 
 
Several chiral Lewis acids (see Table), which are successful in other Diels-Alder reactions, 
have been screened by 'trial and error' in the cycloaddition reaction of α-oxo sulfines 1a and 
1b with 2,3-dimethyl-1,3-butadiene and 1,3-butadiene. The results are collected in Table 4.1. 
Disappointingly, no enantioselectivity was observed. A possible explantion for this negative 
result is that the chiral ligand is too remote from the carbon-sulfur dienophilic bond. 
Apparently, the proposed face selective shielding is not effective. In fact, a complexation of 
the sulfur atom might be much better. However, thiophilic chiral Lewis acids are virtually 
unknown. 
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Table 4.1 Diels-Alder reactions of some α-oxo sulfines with 2,3-dimethyl-1,3-butadiene and 
1,3-butadiene catalyzed by chiral Lewis acids 
 
R2
R2 R1
S
O
COOMe
+
S
R1
OR2
R2 CO2Me
catalyst / CH2Cl2
1 2
overnight
 
substr
. 
R1 R2 catalysta lit.b T 
(°C) 
prod. yield 
(%) 
e.e. 
(%) 
1a 
1a 
1a 
1b 
1b 
1b 
Ph 
Ph 
Ph 
PhCH2CH2 
PhCH2CH2 
PhCH2CH2 
H 
H 
H 
Me 
Me 
Me 
SnCl4/BINOLc 
Yb(OTf)3/BINOLc 
BBr3/DBPMd 
BH3/Tos-t-Leu-OHe 
Pr(hfc)3f 
Eu(hfc)3f 
8 
9 
10 
11 
- 
12 
-25→rt 
-20→rt 
-30→rt 
  rt 
  rt 
  rt 
2a 
2a 
2a 
2b 
2b 
2b 
 -g 
 -g 
 -g 
95 
 -g 
98 
0h 
0h 
0h 
0i 
0i 
0i 
a 5-20 mol% of catalyst was used; see Experimental. b References[8-12] in which the chiral Lewis acid was used. c 
BINOL = (R)-(+)-1,1'-bi-2-naphtol; diisopropylethylamine was used as co-ligand. d DBPM = diphenyl-1-benzyl-
pyrrolidin-2(S)-yl-methanol. e Tos-t-Leu-OH = N-tosyl-tert-butyl leucine. f Hfc = 3-(heptafluoropropyl-
hydroxymethylene)-(+)-camphorato. g More than 60%, not exactly determined. h Determined by HPLC; see 
Experimental. i Determined by NMR; see Experimental. 
 
 
4.3 Chiral sulfines 
 
4.3.1 Overview of the relevant literature 
The vast majority of investigations on the asymmetric Diels-Alder reaction have taken 
advantage of chirally modified dienophiles[3,13] (e.g. chiral acrylic, fumaric, maleic esters[14] or 
amides,[15] vinylsulfoxides,[16] sugar derivatives[17,18]) and fruitful applications were achieved 
in the 80s and 90s. 
 
Asymmetric Diels-Alder reactions involving in situ generated chiral thioaldehydes have been 
reported by Koizumi and Shiro.[19] The synthesis of chiral sulfines and their behavior in 
Diels-Alder reactions have been reported previously. The [4+2]-cycloaddition reaction of 
sulfines with 1,3-dienes is a stereospecific process; therefore two diastereomeric cycloadducts 
are possible (both prochiral centers in the sulfine are coupled). In case of an asymmetric 
induction these cycloadducts will be formed in unequal amounts. The first chiral sulfine that 
was investigated was derived from proline (Scheme 4.1).[20] By reaction of a prolinol alkyl 
ether with an appropriate alkanesulfonyl chloride the required chiral substituent was 
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 introduced. In this manner the electron-withdrawing function was incorporated in the 
substrate to ensure sufficient dienophilicity of the sulfine. The modified Peterson approach 
(see Scheme 1.5A, Chapter 1) was then used to prepare the sulfonyl-substituted sulfine. The 
diastereomeric excess (d.e.) of the Diels-Alder reaction of these differently substituted chiral 
sulfines and 2,3-dimethyl-1,3-butadiene ranged from 2 to 40%. 
 
R2CH2SO2N
R1O
N
R1O
SO2CR
1
S
O
S
O
SO2-Aux*
R2
S
O
SO2-Aux*
R2+
R1 = Me, CH2Ph, CH2Mes
 d.e.= 2-40%
R2 = Cl, Ph, Me, CH2Ph
overall yied = 20-48%
(isolated in some cases)
Modified Peterson
reaction
(see Chapter 1, Scheme 1.5A)
Scheme 4.1 
 
Chiral inductors derived from terpene alcohols have also been attached to the sulfine 
function following the Peterson approach. The chiral sulfonates were converted into the 
corresponding sulfines and subjected to a cycloaddition reaction with 2,3-dimethyl-1,3-
butadiene (Scheme 4.2).[21] The diastereoselectivity was disappointingly low, except for the 
sulfine derived from (+)-3-endo-hydroxy-endo-phenylbornane which gave a d.e. of 75%. 
 
S
O
SO2O-R*
R
S
O
SO2O-R*
R+
R* OH
ClSO2CH2R
pyridine
R*-OSO2CH2R
"Peterson"
R*-OSO2 R
S
O
 
R = Me or Ph
R* = (-)-menthol (d.e.= 40%)
= (-)-borneol (d.e.= 5%)
= (+)-α-fenchol (d.e.= 6%)
= (+)-3-endo-hydroxy-2-endo-phenylbornane (d.e.= 75%)  
Scheme 4.2 
 
Excellent diastereoselectivities were obtained for the Diels-Alder reaction of in situ prepared 
sulfoximino sulfines which have, in contrast to the examples described above, the inducing 
chiral center in close proximity to the sulfine function (Scheme 4.3).[20a,22] Various 
substituents R1 and R2 were investigated and in all cases a complete diastereoselectivity was 
observed. The overall chemical yields varied from 35 to 66%. 
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O
S
R1
O N R1
Ph
"Peterson"S
O
CH2R
2
N
R1
Ph
*
*
S R1
S
O
N OR1
Ph
 
d.e. = 100%
*
R1 = R2 = Me (C.Y.= 40%)
R1 = Me, R2 = Cl (C.Y.= 35%)
R1 = Tos, R2 = Me (C.Y.= 66%)
e.g.
 
Scheme 4.3 
 
It is of interest that the first sulfine ever prepared (see Scheme 1.3, Chapter 1) is a chiral 
sulfine. Cycloaddition of this sulfine, which has the Z-geometry, with 2,3-dimethyl-1,3-
butadiene yielded only a single diastereomer of the cycloadduct implying a complete 
asymmetric induction.[20a,22] 
 
Finally, sulfines having a chiral center at the α-position have been prepared by a completely 
stereocontrolled intramolecular heteroconjugate addition of methyllithium to appropriate 
vinylsilanes (Scheme 4.4; cf. Scheme 1.5B, Chapter 1).[21] The Diels-Alder reactions with these 
chiral sulfines showed only a moderate diastereoselectivity. 
R
MEM-O
H
SO2Ph
SiMe3 1. MeLi
2. SO2
R
MEM-O
Me
SO2Ph
S
O
S
O
SO2Ph
Aux*
MEM = CH3OCH2CH2OCH2-
2 diastereoisomers
R = Ph: C.Y.= 53%, d.e. = 67%
R = PhCH2: C.Y.= 25%, d.e. = 13%
(racemic) (racemic)
 
Scheme 4.4 
 
Due to the presence of the electron-withdrawing carbonyl group at the α-position, α-oxo 
sulfines are reactive partners in a Diels-Alder reaction with 1,3-dienes (Chapter 3). Two 
different approaches are conceivable for an asymmetric Diels-Alder reaction with chiral α-
oxo sulfines, viz. i. by introduction of a chiral group adjacent to the α-oxo moiety, ii. by 
positioning a chiral center at the α'-position. The first approach seems to be the most 
promising one, because several suitable chiral α-methylene esters and amides are readily 
available by modification of the corresponding acids with commercially available optical 
active alcohols or amines. These chiral α-methylene compounds then can serve as starting 
materials in the α-oxo sulfine synthesis (Chapter 2). The results obtained in previous 
studies[23,24] are collected in Table 4.2. Diastereoselectivities ranging from 5-43% were 
observed.  
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 Table 4.2 Diels-Alder reactions of in situ generated α-oxo sulfines containing a chiral ester 
or amide group with 2,3-dimethyl-1,3-butadiene 
S
O
Aux*
RR
Aux*
O
A or B
R
Aux*
O
S
O
+
S
O
Aux*
R
 
entry R Aux* methoda yield (%) d.e. (%) reference 
1 
2 
 
3 
 
4 
Ph 
CN 
 
CN 
 
CN 
O-(-)-Menthyl 
O-(-)-Menthyl 
N Ph
H Me
Et
N
CO2Bn
~
~
 
A 
B 
 
B 
 
B 
99 
99 
 
83 
 
98 
19 
 5 
 
22 
 
43 
23 
24 
 
24 
 
24 
a Method A: via the corresponding silylketene acetal, which was added together with triethylamine (1.1 equiv.) to 
a solution of SOCl2 (1.1 equiv.) and 2,3-dimethyl-1,3-butadiene (xs) in CH2Cl2 (-20°C→rt, 4 h); Method B: the 
doubly-activated methylene compound was added together with 2,6-lutidine (1.1 equiv.) to a solution of SOCl2 (1.1 
equiv.) and 2,3-dimethyl-1,3-butadiene (xs) in CH2Cl2 (0°C, 2-4 h). 
 
4.3.2 Results and discussion 
In analogy with the results obtained by Porskamp[20a,22] with sulfoximino substituted sulfines, 
in which the inducing stereogenic center is in close proximity to the reacting C=S-bond, 
better results were expected when the chiral center is present at the α'-position of the α-oxo 
sulfine.  
OHO
EtO
O-t-BuO
EtO
O-t-BuMe3SiO
EtO
S
O
O-t-Bu
CO2Et
O-t-BuO
EtO
S
O  
1 diastereoisomer
i ii,iii iv
v
* * * *
*
i. Isobutene (xs), amberlite H15, hexane, 24 h. (90%).  ii. LDA, THF, -78°C, 30 min.  iii. Me3SiCl, -78°C→rt, 
1 h (55%).  iv. SOCl2, Et3N, 2,3-dimethyl-1,3-butadiene (xs), Et2O, 3 h.  v. crystallization (18%).
1c
2c
3 4 5
(d.e. 24%)
Scheme 4.5 
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 For this approach ethyl-γ-hydroxybutyrate 3 was used as the starting substance. Protection 
of the hydroxy function as the tert-butyl ether 4, subsequent conversion into ketene acetal 5, 
followed by treatment with thionyl chloride in the presence of triethylamine and trapping 
2,3-dimethyl-1,3-butadiene, resulted in a oily product 2c consisting of two diastereomers 
(d.e. 24%), which partially solidified on standing. Recrystallization from diisopropyl ether 
afforded one single diastereoisomer in a moderate yield of 18% (Scheme 4.5). Efforts to 
isolate the intermediate α-oxo sulfine 1c were unsuccessful. 
 
Next S-(+)-methoxycarbonyl (1-phenylethyl) sulfine 1d (compound 3k, Chapter 2) was 
allowed to react with an excess of 1,3-butadiene in the presence of a Lewis acid catalyst. An 
unseparatable mixture of two diastereomeric cycloadducts 2dI and 2dII was obtained in an 
overall yield of 68%. However, the diastereomeric excess amounted to a modest 33% only 
(Scheme 4.6).  
S
O
Me
Ph
CO2Me
S
O
Me
Ph
CO2Me
*
+
S
O
Me
Ph
CO2Me
i,ii
i. 10 mol% SnCl4, CH2Cl2, -20°C, 15 min.; ii. 1,3-butadiene (xs), -20°C→rt, 18 h.
yield = 68%
d.e. = 33% (NMR)
* *
1d 2dI 2dII
(enantiopure)
R R
 
Scheme 4.6 
 
A disadvantage of this approach is the limited availability of suitable starting α-methylene 
esters having an asymmetric center at the α’-position. Moreover, the chiral auxiliary cannot 
be removed from the cycloadduct. In view of these prospects, no other substrates were 
considered for this approach.  
 
 
4.4 Chiral dienes 
 
4.4.1 Overview of the relevant literature 
Asymmetric Diels-Alder reactions of dienes, having a (removable) chiral unit, with prochiral 
dienophiles have been studied less extensively.[3,25] This is partly due to the lack of stereo- 
and regioselective synthesis of chiral 1,3-butadienes. However, an increasing number of 
examples was reported in the last decade. Among them are, for example, 1,3-dienes 
substituted with a chiral 1-acyloxy,[26,27] alkoxy[28] (e.g. sugar derivatives[29]), 1-amino,[30] 2-
amino,[31] 1-sulfinyl,[32] or 2-sulfinyl[33] moiety, or a chiral allylic carbon atom[34] (including 
chiral cyclopentadienes[35]). In most cases the synthesis of these chiral dienes still is rather 
laborious. A selection of examples of chiral dienes is depicted in Figure 4.2. 
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 O
O
H OMe
Ph
O
H Me
Ph O O
Ac
OAc
OAc
OAc
NPh Ph
Me3SiO
'Trost diene' (8a)
[ref. 28d] [ref. 29a,b,c][ref. 26b,c] [ref. 30b]
S
p-Tol
O
[ref. 33b,c]  
Figure 4.2 
 
The ‘Trost diene’ is of particular interest in the present study as it is a chirally modified 
variant of acyloxydienes previously used in Diels-Alder reactions with α-oxo sulfines (Section 
3.4). Moreover, the chiral auxiliary can easily be removed from the cycloadduct. It should be 
noted that high diastereoselectivities of >97% were obtained using these chiral 1-acyloxy-1,3-
butadienes with various dienophiles; for some examples see Table 4.3.[27,36] 
 
Table 4.3 Diastereoselectivity of cycloadditions of some dienophiles with chiral 1-acyloxy-
1,3-butadienes. 
O
O
H R2
R1
+
O
X
Y CH2Cl2
catalyst
O
X
Y
O
H
H
O
Aux* O
X
Y
O
H
H
O
Aux*
+
 
entry R1 R2 dienophile cat. T (°C)   d.e. (%) ref. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
Ph 
Ph 
Ph 
c-C6H11 
Ph 
Ph 
c-C6H11 
Ph 
Ph 
OMe 
OMe 
OMe 
OMe 
Me 
OMe 
OMe 
Me 
OMe 
N-ethylmaleimide 
benzoquinone 
benzoquinone 
benzoquinone 
benzoquinone 
acrolein 
acrolein 
acrolein 
juglone 
- 
- 
BF3⋅Et2O 
- 
- 
BF3⋅Et2O 
BF3⋅Et2O 
BF3⋅Et2O 
B(OAc)3 
     20 
     20 
    -78 
     20 
     20 
    -78 
    -78 
    -78 
       0 
  44 
  60 
  92 
  36 
  54 
  88 
  78 
  70 
>97 
27c 
27a,d 
27a,d 
27d 
27d 
27a,d 
27a,d 
27d 
26b 
 
The π-face differentiation was initially explained by the 'π-stacking' model (Figure 4.3A).[26b] 
In this model one side of the diene moiety is shielded by the phenyl substituent due to a π-π 
interaction between these groups. The non-bonding interaction between the α-methoxy 
substituent and the diene is minimized in conformer A2. However, when the phenyl 
substituent on the diene was replaced by its unsaturated cyclohexyl analog nearly the same 
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 diastereoselectivity was observed upon reaction with dienophiles (Table 4.3). This 
observation along with X-ray analyses of cycloadducts and computational studies[37] have led 
to the proposal of a new model: the 'perpendicular' model.[27a] Distinctive characteristics of 
this model are a perpendicular disposition of the phenyl and the ester-carbonyl group and a 
syn-periplanarity of the latter with the methoxy substituent (Figure 4.3B). 
 
O
O
H
MeO
A1 (disfavored)
dienophile
A2 (favored)
O
O
H
MeO
dienophile
B
O
O
H
OMe
dienophile
π-stacking model perpendicular model
 
Figure 4.3 
 
The synthesis of Trost diene 8a involves nine steps starting from maleic acid and 
cyclopentadiene (Scheme 4.7).[26b] 
O
O
O
O
O
O
+
O
O
OMe
OMe
OSiMe3
Me3SiO
H
H
O
OH
H
H
O
TsO
H
H
O
H
H
H
H
OH
H
H
O
O
Ph
OMe
O
Ph
Cl
OMe
O
O
Ph
OMe
8a
Scheme 4.7  
 
4.4.2 Synthesis of chiral 1-acyloxydienes from α-substituted phenylacetic acids 
In view of the laborious synthesis of the Trost diene 8a, a shorter route was investigated. 
Bearing in mind the convenient synthesis of O-(1,3-butadienyl) carbamates and carbonates 
by reaction of carbamoyl chlorides of chloroformiates with the potassium enolate of crotonic 
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 aldehyde[38] (Section 3.4), a similar regio- and stereoselective direct coupling of acid 
chlorides with crotonic aldehyde may be expected. Thus, several (chiral) acid chlorides 7 
were prepared in a straight-forward manner from racemic and enantiopure α-methoxy 
phenylacetic acid 6a, mandelic acid 6c, hydratropic acid 6d, and α-methoxy-α-
(trifluoromethyl)phenylacetic acid (Mosher's acid) 6e (Scheme 4.8).  
 
OH
O
OH
Ph
Cl
O
Cl
Ph
OH
O
OAc
Ph
Cl
O
OAc
Ph
7c 6c 6b 7b
OH
O
R
Ph
Cl
O
R
Ph
R = MeO 6a 7a
OH
O
Ph
MeO CF3
Cl
O
Ph
MeO CF3
6e 7e
i ii iii
iv v
i. SOCl2 (4 equiv.), 24 h, then CCl4, reflux, 4 h (21-26%). ii. CH3COCl (3.5 equiv.), reflux, 2 h.
iii. SOCl2 (3 equiv.), 16 h, then CCl4, reflux, 4 h (84-89% from 6c). iv. SOCl2 (10 equiv.), 18 h (82%-quant.).
v. SOCl2 (4 equiv.), DMF (cat.), CHCl3, 17 h (quant.).
7dR = Me    6d
 
Scheme 4.8 
 
The crucial step is the coupling with the enolate of crotonic aldehyde. For this purpose the 
acid chlorides 7 were slowly added to a solution of the potassium enolate of crotonic 
aldehyde in tetrahydrofuran at -78°C (method A). After completion of the reaction, work-up, 
and purification by column chromatography, the chiral 1-acyloxy-1,3-butadienes 8 were 
obtained in good to excellent yields (Table 4.4). The coupling took place with an excellent 
cis/trans-selectivity and with complete regioselectivity (exclusive O-acylation). Trace 
amounts (<2%) of the corresponding tert-butyl esters were present due to a competing 
reaction between tert-butoxide and the acid chloride 7. Depending on the substrates 7, 
partial racemization of the dienes 8 was observed. The Trost-diene 8a was obtained in 
enantiopure form, while dienes 8b and 8c without an electron-donating group partially 
racemized. Diene 8e is not susceptible towards racemization as it does not have an α-
hydrogen atom. 
 
Racemization could be circumvented by reversing the addition, i.e. addition of the enolate to 
a solution of the acid chloride 7 and reducing the amount of base to 1.0 equivalent (method 
B). In this manner, diene 8c had not undergone any racemization while the yield and the 
regio- and stereoselectivity of the reaction were not affected. Diene 8d derived from 
hydratropic acid was also obtained enantiomerically pure using method B. 
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 1,3-Butadienes are prone to undergo polymerization, which can be partially suppressed by 
storing them at -70°C or by adding stabilizing agents (e.g. hydroquinone or 2,6-di-tert-butyl-
4-methylphenol). 
 
Table 4.4 Synthesis of chiral 1-acyloxy-1,3-butadienes 8 from crotonic aldehyde and several 
acid chlorides 7 
O
1. KOtBu / THF, -78°C
2.
Cl
O
Ph
R1 R2
-78°C → rt
(1 h)
O
O
Ph
R2 R1
7 8  
substr. R1 R2 chir. meth.a prod. yield 
(%) 
trans: 
cisb 
e.e.c [ ]α D23  
(CHCl3) 
7a 
7a 
7b 
7b 
7c 
7c 
7c 
7d 
7d 
7e 
7e 
H 
H 
H 
H 
Cl 
Cl 
Cl 
H 
H 
CF3 
CF3 
OMe 
OMe 
OAc 
OAc 
H 
H 
H 
Me 
Me 
OMe 
OMe 
rac 
R 
rac 
R 
rac 
S 
S 
rac 
R 
rac 
R 
A 
A 
A 
A 
A 
A 
B 
B 
B 
A 
A 
8a 
8a 
8b 
8b 
8c 
8c 
8c 
8d 
8d 
8e 
8e 
73 
90 
91 
88 
77 
67 
74 
82 
58 
70 
72 
93:7 
98:2 
98:2 
98:2 
94:6 
97:3 
97:3 
97:3 
98:2 
98:2 
97:3 
  - 
 >99 
  - 
  95 
  - 
  75 
  98 
  - 
>99 
  - 
>99 
- 
-13.9d 
- 
-53.3 
- 
-18.6 
 -33.5e 
- 
  -2.9e 
- 
+71.6 
a Method A: the acid cloride 7 (1.2 equiv.) was added to a solution the enolate; 1.0-1.1 equiv. of base was used. 
Method B: the enolate was added to a solution of the acid chloride 7 (1.0 equiv.); 1.2 equiv. of crotonic aldehyde 
was used. b Determined by GLC, sometimes traces (<2%) of tert-butyl ester were detected (NMR, GLC). c 
Determined by HPLC. d A rotation of +14.4° (c=0.025, CHCl3, T=23°C)[26b] and +7.9° (c=0.025, CH2Cl2, 
T=28°C)[26c] were reported for the S-enantiomer. e[ ]D
20α . 
 
At the same time that our convenient preparation of 1-acyloxy-1,3-butadienes was  
developed, Trost reported a short stereocontrolled synthesis of S-(E)-1-(O-
methylmandeloxy)butadiene S-8a also starting from crotonic aldehyde.[26c] However, Trost 
first converted the aldehyde into its silyl enol ether. The silyl enol ether geometry was 
dictated by the use of the bulky silylating reagent tert-butyldimethylsilyl triflate. In a 
separate step the corresponding lithium enolate was generated and acylated with acid 
chloride 7a, to give optically pure S-diene 8a in an overall yield of 63% as a 97:3 mixture of 
isomers after column chromatography (Scheme 4.9).  
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 OTBDMS
TBDMS-OTf
Et3N, CH2Cl2
1. CH3Li, DME
2.
O
overall yield: 63%
O
O
OMe
Ph*
8a
*
O
Ph
OMe
Cl
7aTBDMS = t-BuMe2Si- trans/cis: 97:3
e.e. >99%
[ref. 26c]
 
Scheme 4.9 
 
The improved procedure of Trost[26c], however, has some major practical disadvantages 
compared with our procedure shown in Table 4.4. It is not a one-pot-one-step synthesis as 
isolation and distillation of the silyl enol ether intermediate is necessary. In addition, more 
impractical and expensive reagents are used and the overall yield of diene 8a is significantly 
lower. 
 
4.4.3 Synthesis of chiral 1-acyloxydienes derived from α-amino acids 
α-Amino acids are abundantly available, many of them at low costs. Therefore, these 
enantiopure compounds were considered as the basis for chiral 1,4-dienes. The synthetic 
concept is depicted in Scheme 4.10 and involves protection of the amino group (i), activation 
of the carboxylic acid unit (ii), and coupling with the enolate of crotonic aldehyde (iii). 
 
 
H-AA*-OH Pg-AA*-OH Pg-AA*-OAct OPg-AA*
i ii iii
 
Scheme 4.10 
 
A series of α-amino acids with different steric and electronic properties, viz. phenylglycine 
(Phg, 9a), proline (Pro, 9b), indoline-2-carboxylic acid (Ica, 9c), alanine (Ala, 9d), tert-
butylleucine (t-Leu, 9e) and phenylalanine (Phe, 9f) was selected for this reaction sequence 
(Figure 4.4). 
[Phe] 9f
*
NH2
CO2H
[Ala] 9d
*
NH2
CO2H
[t-Leu] 9e
*
NH2
tBu CO2H
[Ica] 9c
*
N
H
CO2H
[Pro] 9b
*
N
H
CO2H
[Phg] 9a
*
NH2
CO2H
 
 
Figure 4.4 
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 In peptide chemistry amino protecting groups (Pg) with a range of stabilities have been 
developed. The tert-butoxycarbonyl (Boc) and the phthaloyl (Pht) protection group were 
chosen, as these groups are easy to introduce, stable under basic conditions and not sensitive 
towards racemization. Both protection groups were introduced using standard procedures. 
For the Boc-group di-tert-butyl dicarbonate was used[39] and for the Pht group either phthalic 
anhydride in anisole,[40] or N-carboethoxy phthalimide in the presence of sodium 
carbonate.[41] In all cases the N-protected amino acids 10 were obtained as crystalline 
compounds in high yields and fully acceptable purities (Table 4.5). 
 
Table 4.5 N-protection of amino acids 9a 
 
H-AA*-OH Pg-AA*-OH
10 11  
 
substrate amino acid 
(AA*) 
protection 
group (Pg) 
chirality product yield 
(%) 
9a 
9a 
9b 
9b 
9c 
9c 
9d 
9d 
9e 
9e 
9f 
  Phg 
  Phg 
  Pro 
  Pro 
  Ica 
  Ica 
  Ala 
  Ala 
t-Leu 
t-Leu 
  Phe 
Boc 
Pht 
Boc 
Boc 
Boc 
Boc 
Pht 
Pht 
Pht 
Pht 
Pht 
DL 
D 
DL 
L 
DL 
L 
DL 
L 
DL 
L 
L 
      10a1 
      10a2 
      10b 
      10b 
      10c 
      10c 
      10d 
      10d 
      10e 
      10e 
      10f 
79 
68 
88 
96 
86 
87 
84 
90 
96 
98 
74 
a For reaction details vide supra and Experimental Part. 
 
The conversion of the carboxylic acid 10 into the active ester 11 involves in situ activation of 
the carboxylic acid with a coupling reagent (e.g. a carbodiimide) followed by an esterification 
with an electron-poor alcohol. For this present study p-nitrophenol (Pfp-OH), 
pentafluorophenol (Pnp-OH), and N-hydroxy-succinimide (SuN-OH) were selected as 
suitable alcohols. Dicyclohexyl carbodiimide (DCC), diisopropyl carbodiimide (DIC) and 
benzotriazole-1-yl-oxy-tris[dimethylamino]phosphonium hexafluorophosphate (BOP) were 
used as coupling agents using standard literature procedures.[42,43] The results are collected in 
Table 4.6. 
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 Table 4.6 Activation of N-protected amino acids 10 
 
Pg-AA*-OH
Act-OH, coupling agent
EtOAc or CH2Cl2
Pg-AA*-OAct
10 11
 
substr
. 
Pg-AA chir. Act-OH coupling 
agent 
product yield 
(%) 
e.e.a 
(%) 
[ ]α D20 (°) 
(CHCl3) 
 10a1 
 10a1 
 10a2 
 10b 
 10b 
 10b 
 10b 
 10b 
 10b 
 10c 
 10c 
 10c 
 10c 
 10d 
 10d 
 10e 
 10e 
 10e 
 10f 
Boc-Phg 
Boc-Phg 
Pht-Phg 
Boc-Pro 
Boc-Pro 
Boc-Pro 
Boc-Pro 
Boc-Pro 
Boc-Pro 
Boc-Ica 
Boc-Ica 
Boc-Ica 
Boc-Ica 
Pht-Ala 
Pht-Ala 
   Pht-t-Leu 
   Pht-t-Leu 
   Pht-t-Leu 
Pht-Phe 
DL 
DL 
D 
DL 
L 
L 
L 
L 
L 
L 
L 
DL 
L 
DL 
L 
L 
DL 
L 
L 
Pfp-OH 
Pnp-OH 
Pfp-OH 
Pfp-OH 
Pfp-OH 
Pfp-OH 
Pnp-OH 
Pnp-OH 
SuN-OH 
Pfp-OH 
Pfp-OH 
Pnp-OH 
Pnp-OH 
Pfp-OH 
Pfp-OH 
Pfp-OH 
Pnp-OH 
Pnp-OH 
Pfp-OH 
DCC 
DCC 
DIC 
DCC 
DCC 
DIC 
DIC 
BOP 
DCC 
DCC 
DIC 
DCC 
DIC 
DIC 
DIC 
DIC 
DIC 
DIC 
DIC 
 11a1I 
 11a1II 
 11a2I 
 11bI 
 11bI 
 11bI 
 11bII 
 11bII 
 11bIII 
 11cI 
 11cI 
 11cII 
 11cII 
 11dI 
 11dI 
 11eI 
 11eII 
 11eII 
 11fI 
80 
71 
68 
92 
86 
98 
92 
97 
83 
96 
96 
96 
96 
97 
84 
95 
35 
53 
89 
    - 
    - 
  <5 
    - 
  n.d.b 
  n.d. 
 >99 
  n.d. 
  n.d. 
  n.d. 
  >99 
    - 
  >99 
    - 
  >99 
  n.d. 
    - 
    98 
  >99 
- 
- 
 -0.2 
- 
 -52.9c 
-50.9 
-37.4 
n.d. 
n.d. 
n.d. 
-27.2 
- 
-23.6 
- 
 -27.0c 
-49.3 
- 
-174.1 
 -139.8c 
a Determined by HPLC. b n.d. = not determined. c [ ] . D
23α
 
In almost all cases excellent yields were obtained except for 11eII, but this experiment 
undoubtedly can be optimized. The succinimide ester 11bIII was obtained as a rather 
unstable syrup which was problematic during purification. Therefore, esters derived from 
pentafluorophenol and p-nitrophenol were preferred. When Boc-protection was used a 
minor advantage of the firstmentioned ester was that in all cases nice crystalline solids I were 
obtained, while the p-nitrophenylesters II were isolated as viscous oils.  
 
Although the synthetic route to derivatized amino acids 11 should not suffer from 
racemization,[43] some checks were carried out concerning the optical purity of the obtained 
material. No racemization was observed, except for phenylglycine derivative 11a2I. In this 
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 case the presence of the phenyl substituent at the stereogenic center must be held responsible 
for this almost complete racemization. 
 
A series of active esters 11 was subjected to coupling with crotonic aldehyde in a similar 
manner as described for the preparation of 1-acyloxybutadienes 8 from chiral acid chlorides 
7. The results of these experiments are collected in Table 4.7. Initially, the active ester was 
added to a cooled solution of the potassium enolate of crotonic aldehyde (method A). In this 
way the butadienyl esters 12 of N-protected amino acids were obtained in a regioselective 
manner and with acceptable to high trans/cis selectivities.  
 
It was found that pentafluoro esters (I) gave better yields than p-nitroesters (II) and 
succinimide ester (III). This can be explained by the increased reactivity of I due to the 
higher electron-withdrawing capacity of a pentafluoro group compared with a p-nitro or 
succinimide unit. The enantioselectivity of the coupling reaction was rather disappointing. 
Using method A, in all cases (partial) racemization had taken place. In order to circumvent 
racemization, the concentration of base had to be minimized. Therefore, reverse addition, i.e. 
addition of the enolate to the active ester 11 (method B) was investigated together with a 
more diluted concentration of the reactants. These modifications indeed led to improved 
enantioselectivities. The dienes 12b and 12c from Boc-protected amino acids now were 
obtained in enantiopure form. The optical purity of Pht-protected dienes and 12d, 12e and 
12f had significantly improved by applying method B. These dienes 12d-f were more 
sensitive towards racemization probably due to the electron-withdrawing property of the 
phtaloyl protection group. In spite of the modified procedure the butadienyl ester of N-
phtaloyl phenylglycine 12a2 was still completely racemic due to racemized substrate 11a2I.  
 
The butadienyl esters 12b, 12c and 12e were isolated as viscous syrups and therefore 
difficult to purify. Even after washing with base and careful chromatography, these dienes 
sometimes contained varying amounts of impurities (viz. the corresponding active ester 11 
and/or Pfp-OH or Pnp-OH, see Table 4.7 and Experimental). 
 
In contrast, the dienes 12a2, 12d and 12f from phthaloyl-protected amino acids and diene 
12a1 were isolated as crystalline compounds and therefore much more easily purified by 
crystallization. The dienes were easy to handle and showed an increased stability in 
comparison with the syrupy materials mentioned above. 
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 Table 4.7 Synthesis of chiral E-1-acyloxy-1,3-butadienes 12 from amino acid derivatives. 
O 1. KOtBu, THF, -78°C
2. Pg-AA*-OAct (11), -78°C →rt, 1h
Pg-AA*-O
12
 
substrate PG-AA*-OACT chir. meth.
a 
product yield 
(%) 
trans: 
cisb 
  e.e.c 
  (%) 
[ ]α D20 (°) 
(CHCl3) 
11a1I 
11a1II 
11a2I 
11bI 
11bI 
11bII 
11bII 
11bIII 
11cI 
11cI 
11cII 
11cII 
11dI 
11dI 
11dI 
11eI 
11eI 
11eII 
11eII 
11fI 
Boc-Phg-OPfp 
Boc-Phg-OPnp 
Pht-Phg-OPfp 
Boc-Pro-OPfp 
Boc-Pro-OPfp 
Boc-Pro-OPnp 
Boc-Pro-OPnp 
Boc-Pro-ONSu 
Boc-Ica-OPfp 
Boc-Ica-OPfp 
Boc-Ica-OPnp 
Boc-Ica-OPnp 
Pht-Ala-OPfp 
Pht-Ala-OPfp 
Pht-Ala-OPfp 
Pht-t-Leu-OPfp 
Pht-t-Leu-OPfp 
Pht-t-Leu-OPnp 
Pht-t-Leu-OPnp 
Pht-Phe-OPfp 
DL 
DL 
  DLd 
DL 
L 
L 
L 
L 
DL 
L 
L 
L 
DL 
L 
L 
L 
L 
DL 
L 
L 
A 
A 
B 
A 
A 
A 
B 
A 
B 
A 
A 
B 
A 
A 
B 
A 
B 
B 
B 
A 
  12a1 
  12a1 
  12a2 
  12b 
  12b 
  12b 
  12b 
  12b   
  12c 
  12c 
  12c 
  12c 
  12d 
  12d 
  12d 
  12e 
  12e 
  12e 
  12e 
  12f 
97 
80 
35 
 94e 
 98f 
65 
76 
39 
64 
 88g 
 55h 
67 
88 
89 
85 
75 
93 
71 
72 
86 
80:20 
85:15 
87:13 
94:6 
98:2 
88:12 
98:2 
85:15 
97:3 
94:6 
92:8 
97:3 
93:7 
96:4 
91:9 
95:5 
97:3 
97:3 
96:4 
94:6 
  - 
  - 
  0 
  - 
   n.d.i 
  79 
>99 
  n.d. 
 - 
  n.d. 
  91 
>99 
  - 
   0 
  89 
  35 
  61 
  - 
  58 
  87 
- 
-  
0 
- 
n.d.  
  -56.1j 
 -62.4 
n.d. 
- 
n.d. 
  -73.6i 
 -89.0 
- 
 0 
 -29.8j 
n.d. 
 -51.7 
- 
 -49.4 
-140.4j 
a Method A: the active ester 11 (1.00-1.25 equiv.) was added to a solution the enolate; 1.00-1.10 equiv. of base was 
used. Method B: the enolate was added to a solution of the active ester 11 (1.00 equiv.); 1.00 equiv. of base was 
used. b Determined by GLC; purity >97% unless mentioned otherwise. c Determined by HPLC. d Starting from D-
phenylglycine, 11a2I was obtained as racemate (see Table 4.6). e Purity ca. 80% (GLC, see Experimental). f Purity 
ca. 73% (GLC, see Experimental). g Purity ca. 90% (GLC, see Experimental). h Purity ca. 97% (GLC, see 
Experimental). i n.d. = not determined. j[ ]D
23α . 
 
It was concluded, however, that the tert-butyloxy carbonyl group (Boc) is the N-protecting 
group of choice for reasons that these dienes gave the best optical yields, inspite of the fact 
that the dienes 12 are not crystalline. Activation with pentafluorophenol is slightly favored 
over p-nitrophenol because of its reactivity and its tendency to give crystalline active esters 
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 11. The reverse addition and diluted conditions of method B led to minimal racemization 
while the yield, the chemoselectivity and the cis/trans-selectivity were satisfactory. 
 
4.4.4 Diels-Alder reactions of some chiral dienes derived from amino acids with N-
ethylmaleimide (preliminary results)  
In order to determine the reactivity and diastereoselectivity of the new class of chiral 1-
acyloxy-1,3-butadienes derived from amino acids, some preliminary studies were performed. 
N-Ethylmaleimide was selected as the dienophile because of its high reactivity and endo-
selectivity in cycloadditions with similar dienes.[27b,c] The chiral 1-acyloxy-1,3-butadienes 12 
were allowed to react with two equivalents of this dienophile at ambient temperature (Table 
4.8). 
 
Table 4.8 Diels-Alder reactions of chiral 1,3-butadienyl esters of N-protected amino acids 
12 with N-ethylmaleimide 
N-Et
O
O
H
H
Pg-AA*-O
N-Et
O
O
+
Pg-AA*-O
+
Pg-AA*-O
N-Et
O
O
H
H
CH2Cl2
12 13-I 13-II
rt
 
diene Pg-AA* time (d) products yield (%)a d.e.(%)b 
12a 
12b 
12c 
12d 
12e 
12f 
Boc-Phg 
Boc-Pro 
Boc-Ica 
Pht-Ala 
Pht-t-Leu 
Pht-Phe 
4 
2 
3 
3 
2 
2 
13aI / 13aII 
13bI / 13bII 
13cI / 13cII 
13dI / 13dII 
13eI / 13eII 
13fI / 13fII 
73 
69 
87 
80 
78 
75 
 28c 
30 
43 
32 
 26c 
  9 
a Total yield of 13I and 13II. b Determined with HPLC, unless mentioned otherwise. c Determined by 1H-NMR. 
 
The high endo-selectivity of N-ethylmaleimide, due to secondary orbital interactions,[44] 
indeed gave rise to the formation of only two diastereomeric cycloadducts 13-I and 13-II. 
These cycloadducts were obtained in good yields in a reasonable period of time. The 
moderate diastereoselectivities for this cycloaddition reaction are comparable with those 
obtained with Trost diene 8a (Table 4.3). It is reasonable to predict[27] improved 
diastereoselectivities when the cycloaddition would be carried out at a lower temperature 
using a Lewis acid catalyst. 
 
The diastereomeric cycloadducts 13-I and 13-II could not be separated by column 
chromatography. Thus, it was not straightforward to determine which of the diastereomeric 
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 cycloadducts 13-I or 13-II was formed in excess. In some cases, the diastereomeric excess 
could be determined by HPLC or by NMR when typical absorptions of 13-I and 13-II were 
completely separated. Determination of the d.e. by GLC failed because of decomposition of 
the cycloadducts 13 at elevated temperatures. 
 
Comparison of the diastereoselectivities in Table 4.8 reveals that there is little influence of 
the nature of the α-substituent of the amino acid and the N-protecting group, except for 
dienes 12c and 12f. The best result was obtained for the indoline-2-carboxylic acid derived 
diene 12c. 
 
4.4.5 Diels Alder reactions of an α-oxo sulfine with some chiral 1-acyloxy-1,3-butadienes 
(preliminary results) 
Some chiral 1-acyloxy-1,3-butadienes 8 and 12 were brought into reaction with α-oxo sulfine 
1e. This sulfine 1e was chosen because of its high reactivity with dienes even in the absence 
of a Lewis acid catalyst (Chapter 3). During the cylcoaddition of α-oxo sulfine 1e with 1-
acyloxydienes three new chiral centers are formed, but those at S-1 and C-2 are coupled. The 
1-substituted dienes can give rise to two regioisomers (see also Section 3.4).  
 
15-I1 15-II1
++++
+
15-I2 15-II2
+
+
14-II1
+
14-II214-I2
****
**
*
*
*
*
*
*
*
*
**
S
O
Aux*-O
CO2Me
CO2Me
S
O
Aux*-O
CO2Me
CO2Me
S
O
Aux*-O
CO2Me
CO2Me
S
O
Aux*-O
CO2Me
CO2Me
S
O
Aux*-O
CO2Me
CO2Me
S
O
Aux*-O
CO2Me
CO2Me
S
O
Aux*-O
CO2Me
CO2Me
CH2Cl2
rt
1
23
4
5
6
S
O
Aux*-O
CO2Me
CO2Me
14-I1 (anti) (syn)
(anti)
(anti)
(anti)(syn)
(syn)
(syn)
S
O
MeO2C CO2Me
Aux*-O
+
8,12 1e
 
Scheme 4.11 
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 Taking into account the chiral center present in the auxiliary (Aux*) of the dienes 8 and 12, a 
maximum of two regiomeric sets of 4 diastereoisomers can be obtained (Scheme 4.11). The 
results of the preliminary experiments of the asymmetric Diels-Alder reaction of α-oxo 
sulfine 1e with some chiral 1-acyloxy-1,3-butadienes 8 and 12 are collected in Table 4.9. 
 
Table 4.9 Diels-Alder reactions of some chiral 1-acyloxy-1,3-butadienes 8 and 12 with α-
oxo sulfine 1e (cf.  Scheme 4.11) 
 
diene Aux* time (d) products yield (%) ratio 14:15 
8a 
8d 
12a 
12b 
12c 
12d 
12f 
PhCH(OMe)C(=O) 
PhCH(Me)C(=O) 
Boc-Phg 
Boc-Pro 
Boc-Ica 
Pht-Ala 
Pht-Phe 
1 
1 
2 
2 
1 
1 
1 
14a / 15a 
14b / 15b 
14c / 15c 
14d / 15d 
14e / 15e 
14f / 15f 
14g / 15g 
90 
92 
85 
62 
89 
92 
95 
2.3 
4.0 
 -a 
3.3 
5.6 
2.7 
3.3 
a Both regioisomers 14 and 15 were collected in a single fraction. 
 
In all cases the Diels-Alder reaction proceded smoothly and a mixture of diastereoisomers of 
regioisomeric adducts 14 and 15 was obtained in good overall yields in a relatively short 
period of time without applying Lewis acid catalysis. In analogy with previous experiments 
with achiral 1-substituted dienes (Section 3.4) the regioisomeric cycloadducts 14 and 15 
could be completely separated by column chromatography (Rf 14 < Rf 15) and in most cases 
typical absorptions of these regioisomers could be assigned in the NMR-spectra (see 
Experimental). In agreement with the FMO-theory[44] and the results obtained with achiral 1-
substituted dienes described in Section 3.4 the formation of 3-acyloxy-3,6-dihydro-2H-
thiopyran S-oxides 14 was preferred over their 6-acyloxy analogs. 
 
As was expected, the resulting regioisomers 14 and 15 consisted of a complex unseparable 
mixture of diastereoisomers. Therefore, the determination of the endo/exo-selectivity and 
diastereoselectivity was not possible. Further experimentation is needed to provide insight in 
the steric course of these cycloaddition reactions, e.g. removal of the chiral auxiliary could 
possible simplify the spectra. Due to time constraints, such experiments could not be carried 
out. 
 
 
 
 
 
 122
 4.5 Concluding remarks 
 
In this Chapter, three different approaches to accomplish an asymmetric Diels-Alder reaction 
involving α-oxo sulfines have been studied. First of all, a series of chiral Lewis acid catalyst 
from the literature was tested, but in neither case any enantioselectivity was observed.  
 
The use of in situ generated α-oxo sulfines with a chiral center at the α'-position as chiral 
source in the asymmetric Diels-Alder reaction gave low to moderate diastereoselectivities.  
 
The final approach to achieve asymmetric induction in a Diels-Alder reaction with α-oxo 
sulfines involved the use of chirally modified dienes. An improved synthesis of chiral trans-1-
acyloxy-1,3-butadienes 8 from α-substituted phenylacetic acid chlorides 7 was developed. 
The chiral dienes 8 were obtained in high yields and excellent regio-, cis/trans-, and 
enantioselectivities using a simple one-pot-one-step synthesis. Furthermore, a synthetic 
route to a new class of chiral dienes starting from α-amino acids was developed. trans-
Butadienyl esters 12 of several N-protected α-amino acids were prepared in high yields, 
regio-, and cis-trans-selectivities. In two cases an enantiopurity of >99% was observed. 
Preliminary studies toward the Diels-Alder reaction of these dienes with N-ethylmaleimide 
led to satisfactionary diastereoselectivities. These rewarding results together with the 
availability of a great variety of amino acids, as well as N-protecting groups groups, is 
inviting for further elaboration of chiral dienes derived from amino acids in Diels-Alder 
reactions.   
 
Preliminary studies toward the cycloaddition of 1-acyloxy-1,3-butadienes 8 and 12 with α-
oxo sulfines gave a mixture of regioisomeric cycloadducts in excellent chemical yield, 
however, their spectra could not be analyzed in terms of the endo/exo- and 
diastereoselectivity of the reaction. Further research is necessary. 
 
 
4.6 Experimental 
 
General remarks 
Chromatography was carried out on a column (length 15-25 cm and diameter 1-4 cm) using Merck 
Kieselgel 60 at atmospheric pressure. Flash chromatography was carried out at a pressure of ca. 1.5 
bar on a column (length 15 - 25 cm and diameter 1 - 4 cm) using Merck Kieselgel 60H. Thin layer 
chromatography (TLC) was carried out on Merck precoated silicagel 60 F254 plates (layer thickness 
0.25 mm). Spots were visualized with UV or by treatment with molybdate reagent. GLC was 
conducted with a Hewlett-Packard HP5890II gas chromatograph, using a capillary column (HP1, 25m 
× 0.31mm × 0.17µm), a temperature program: 100-250°C at a rate of 15°C/min, and nitrogen at 2 
 123
 mL/min (0.5 atm) as the carrier gas. Melting points were measured with a Reichert Thermopan 
microscope and are uncorrected. The 1H- and 13C-NMR spectra were recorded on a Bruker AC 100 
(FT), or on a Bruker AC 300 (FT) spectrometer. The chemical shift (δ) is given in ppm relative to the 
internal standard (Me4Si for 1H-NMR, CDCl3 for 13C-NMR). IR spectra were recorded on a Perkin-
Elmer 298 infrared spectrophotometer. The wave number (ν) is given in cm-1. For (high resolution) 
mass spectra a double focusing VG7070E mass spectrometer was used. Electron impact (EI) or 
chemical ionization (CI, ionization gas: CH4) was used as ionization mode. GC-MS spectra were run 
on a Varian Saturn 2 GC-MS ion-trap system. Separation was carried out on a fused-silica capillary 
column (DB-5, 30m × 0.25mm). Helium was used as carrier gas and electron impact (EI) was used as 
ionization mode. Elemental analyses were performed on a Carlo Erba Instruments CHNS-O EA 1108 
element analyzer. Optical rotations were measured with a Perkin Elmer 241 polarimeter at a 
wavelength of 589 nm. Enantiomeric excesses were determined either by HPLC performed on a 
Spectra Physics HPLC system equipped with a Chiralcel OD-H column (length: 250 mm, internal 
diameter: 4.6 mm, particle size: 5 µm, stationary phase: cellulose carbamate) using filtered mixtures 
as mobile phase at ambient temperature with detection at 254 nm and flow rates between 0.5 and 1.5 
mL/min, or by 1H-NMR using (+)-Eu(hfc)3 as chiral shift reagent. Diastereomeric excesses were 
determined either by HPLC performed on a Pharmacia LKB 2252 HPLC system equipped with a 
Lichospher® RP-18 column (length: 250 mm, internal diameter: 4 mm, particle size: 5 µm) using 
filtered mixtures of acetonitrile and water as mobile phase at ambient temperature with detection at 
254 nm and a flow rate of 1.0 mL/min, or by NMR-spectroscopy. For the nomenclature of the cyclic 
stereoisomers of the 3,6-dihydro-2H-thiopyran S-oxides, the rules as described in reference 49 were 
applied. 
 
Solvents 
Tetrahydrofuran (THF) was freshly distilled from lithium aluminium hydride. Dichloromethane was 
distilled from phosphorus pentoxide. Hexane was distilled from calcium hydride. Ethyl acetate was 
distilled from potassium carbonate. Chloroform was washed with water to remove traces of ethanol, 
dried over MgSO4, filtered, and distilled from calcium chloride. Diethyl ether was pre-dried over 
calcium chloride, then distilled from calcium hydride. 
 
Reagents 
Diisopropylethylamine (DIPEA) was first distilled from ninhydrin and then distilled from potassium 
hydroxide pellets. Triethylamine was distilled from and stored over potassium hydroxide pellets. 
Thionyl chloride was distilled from triphenyl phosphite and stored under an atmosphere of argon. 
Crotonic aldehyde was distilled at atmospheric pressure and stored under an inert atmosphere of 
argon. A stock solution of boron(III) bromide (1N in dichloromethane) was a generous gift of the 
Department of Anorganic Chemistry of the University of Nijmegen and was stored at -70°C. Diphenyl-
1-benzyl-pyrrolidin-2(S)-yl-methanol was a generous gift of Dr. W.A.J. Starmans. Borane-
tetrahydrofuran complex (BH3·THF) was purchased as a 1N solution in tetrahydrofuran. N-(p-
Toluenesulfonyl)-L-tert-butylleucine was a generous gift of Dr. J.P.G. Seerden. N-Carboethoxy 
phthalimide was a generous gift of Dr. R. Keltjens. All other reagents were purchased and used without 
further purification. 
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 General procedure for the synthesis of α-oxo sulfines 1 
The synthesis of α-oxo sulfines 1a, 1b, 1d and 1e has been described in the Experimental Section of 
Chapter 2. These compounds correspond with compounds 3h, 3j, 3k and 3a, respectively, in this 
Chapter. For the synthesis of sulfine 1c vide infra. 
 
Diels-Alder reactions of α-oxo sulfines 1a and 1b with 2,3-dimethyl-1,3-butadiene and 1,3-butadiene 
in the presence of a chiral Lewis acid catalyst 
A solution of the α-oxo sulfine 1 and the chiral Lewis acid catalyst (vide infra) in dichloromethane was 
stirred for a period of 15 minutes at the indicated temperature (Table 4.1) under an inert atmosphere 
of argon. Next, the diene of choice was added and the reaction mixture was stirred overnight at 
ambient temperature. Finally the reaction mixture was concentrated in vacuo. The crude product was 
purified by column chromatography.  
 
With SnCl4 / BINOL 
The catalyst (10 mol%) was prepared by adding an equimolar amount of R-(+)-1,1'-bi-2-naphthol to a 
solution of tin(IV) chloride in dichloromethane (5 mL/mmol) at -25°C. The mixture was stirred for a 
period of 15 min at this temperature, before the E-methoxycarbonyl phenyl sulfine 1a (196 mg, 1 
mmol) was added in one portion. An excess of 1,3-butadiene was used. trans-2-Methoxycarbonyl-2-
phenyl-3,6-dihydro-2H-thiopyran S-oxide 2a was obtained as a white solid after column 
chromatography with hexane / ethyl acetate (1:1, v/v). All analyses were in agreement with those of 
compound 4hII in Chapter 2. The enantiomeric excess determined by HPLC with hexane / 2-propanol 
(80:20, v/v) was 0%. 
 
With Yb(OTf)3 / BINOL 
The catalyst (20 mol%) was prepared by adding R-(+)-1,1'-bi-2-naphtol (69 mg, 0.24 mmol), 
diisopropylethylamine (84 µl, 0.48 mmol) and molecular sieves (4Å, 250 mg) to a solution of 
Ytterbium(III) trifluoromethanesulfonate (124 mg, 0.20 mmol) in dichloromethane (1.5 mL) at 0°C. 
The mixture was stirred for a period of 30 min at this temperature and then cooled to -20°C before E-
methoxycarbonyl phenyl sulfine 1a (196 mg, 1.0 mmol) was added in one portion. An excess of 1,3-
butadiene was used. trans-2-Methoxycarbonyl-2-phenyl-3,6-dihydro-2H-thiopyran S-oxide 2a was 
obtained as a white solid after column chromatography with hexane / ethyl acetate (1:1, v/v). All 
analyses were in agreement with those of compound 4hII in Chapter 2. The enantiomeric excess 
determined by HPLC with hexane / 2-propanol (80:20, v/v) was 0%. 
 
With BBr3 / DBPM 
The catalyst (20 mol%) was prepared by adding a stock solution of boron(III) bromide (1M) in 
dichloromethane to an equimolar amount of diphenyl-1-benzyl-pyrrolidin-2(S)-yl-methanol in a 
Schlenktube. After stirring for a period of 1 h, the solvent and any non-coordinated BBr3 were 
removed in high vacuum. Next, a solution of E-methoxycarbonyl phenyl sulfine 1a (490 mg, 2.5 
mmole) in dichloromethane (10 mL) was added in one portion. An excess of 1,3-butadiene was used. 
trans-2-Methoxycarbonyl-2-phenyl-3,6-dihydro-2H-thiopyran S-oxide 2a was obtained as a white 
solid after column chromatography with hexane / ethyl acetate (3:1→0:1, v/v). All analyses were in 
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 agreement with those of compound 4hII in Chapter 2. The enantiomeric excess determined by HPLC 
with hexane / 2-propanol (80:20, v/v) was 0%. 
 
With BH3 / Tos-t-Leu-OH 
The catalyst (20 mol%) was prepared by adding an equimolar amount of borane-tetrahydrofyran 
complex to a solution of N-(p-toluenesulfonyl)-L-tert-butylleucine in dichloromethane (10 mL/mmol) 
at ambient temperature. The mixture was stirred for a period of 10 min before the α-oxo sulfine 1b 
(224 mg, 1.0 mmole) was added in one portion. 2,3-Dimethyl-1,3-butadiene (2 equiv.) was used. 
trans-2-Methoxycarbonyl-2-(2-phenylethyl) sulfine 2b was obtained as a white solid after column 
chromatography with hexane / ethyl acetate (2:1, v/v). All analyses were in agreement with those of 
compound 4g in Chapter 3. The enantiomeric excess determined by 1H-NMR (100 MHz) with (+)-
Eu(hfc)3 as chiral shift reagent was 0%. 
 
With Pr(hfc)3 
To a solution of α-oxo sulfine 1b (112 mg, 0.5 mmol) in dichloromethane (10 mL/mmol) was added 
praseodymium(III) tris[3-(heptafluoropropylhydroxymethylene)-D-campherato] (5 mol%) in one 
portion. 2,3-Dimethyl-1,3-butadiene (2 equiv.) was used. trans-2-Methoxycarbonyl-2-(2-phenylethyl) 
sulfine 2b was obtained as a white solid after column chromatography with hexane / ethyl acetate 
(2:1, v/v). All analyses were in agreement with those of compound 4g in Chapter 3. The enantiomeric 
excess determined by 1H-NMR (100 MHz) with (+)-Eu(hfc)3 as chiral shift reagent was 0%. 
 
With (+)-Eu(hfc)3 
To a solution of α-oxo sulfine 1b (112 mg, 0.5 mmol) in dichloromethane (10 mL/mmol) was added 
europium(III) tris[3-(heptafluoropropylhydroxymethylene)-D-campherato] (5 mol%) in one portion. 
2,3-Dimethyl-1,3-butadiene (2 equiv.) was used. trans-2-Methoxycarbonyl-2-(2-phenylethyl) sulfine 
2b was obtained as a white solid after column chromatography with hexane / ethyl acetate (2:1, v/v). 
All analyses were in agreement with those of compound 4g in Chapter 3. The enantiomeric excess 
determined by 1H-NMR (100 MHz) with (+)-Eu(hfc)3 as chiral shift reagent was 0%. 
 
rac-Ethyl 3-tert-butoxybutyrate (4) 
A racemic mixture of ethyl 3-hydroxybutyrate 3 (13.2 g, 100 mmol) was dissolved in hexane (50 mL) and 
Amberlyst H-15 (2.5 g) was added. Isobutene was bubbled though the stirred solution for a period of 24 h. 
Then the catalyst was filtered off and the reaction mixture was concentrated in vacuo. The resulting crude 
product was distilled under reduced pressure, affording analytically pure 4 as a colorless liquid (16.9 g, 90 
%). 
Bp. 82°C (4 mm Hg). 1H-NMR(100 MHz, CDCl3): δ 1.15-1.34 (m, 6H, CHCH3 and CO2CH2CH3), 1.19 (s, 
9H, C(CH3)3), 2.22-2.63 (m, 2H, CHCH2), 3.96-4.23 (m, 3H, CO2CH2CH3 and CH). 13C-NMR(25 MHz, 
CDCl3): δ 14.1 (q, CH2CH3), 23.2 (q, CHCH3), 28.2 (q, C(CH3)3), 44.2 (t, CHCH2), 60.0 (d, CH), 64.6 (t, 
CO2CH2CH3), 73.6 (s, C(CH3)3), 172.0 (s, C=O). O2 
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 rac-E- and Z-3-tert-butoxy-1-ethoxy-1-trimethylsilyloxy 1-butene (5) 
The general procedure for the synthesis of silyl ketene acetals described in Chapter 2 was followed. 
Starting from ethyl 3-tert-butoxybutyrate 4 (7.5 g, 40 mmol), compound 5 was obtained as a colorless 
liquid (5.7 g, 55%) after distillation under reduced pressure. Ratio E/Z = 9:1 (NMR). 
Bp. 100-115°C (6-8 mm Hg). E-isomer: 1H-NMR(100 MHz, CDCl3): δ 0.22 (s, 9H, OSi(CH3)3), 1.01-1.34 
(m, 6H, CHCH3 and CO2CH2CH3), 1.20 (s, 9H, C(CH3)3), 3.74-4.23 (m, 2H, CH-CH=C). Z-isomer: 1H-
NMR(100 MHz, CDCl3): δ 0.11 (s, 9H, OSi(CH3)3) all other absorptions were mixed up with the E-isomer. 
 
trans-2-Ethoxycarbonyl-2-(1-tert-butoxyethyl)-4,5-dimethyl-3,6-dihydro-2H-thiopyran S-oxide (2c) 
The general procedure for the preparation of 3,6-dihydro-2H-thiopyran S-oxides described in Chapter 
2 was followed. Starting from rac-E- and Z-3-tert-butoxy-1-ethoxy-1-trimethylsilyloxy 1-butene 5 (1.3 
g, 5 mmol), compound 2c was obtained as a yellowish oil after column chromatography with hexane / 
ethyl acetate (1:1→0:1, v/v). The mixture consisted of two diastereoisomers in a ratio of approx. 5:3 
(NMR) and partially solidified after standing at -20°C. Recrystallization from diisopropyl ether 
provided analytically pure 2c as a single diastereoisomer (0.57 g, 18%). 
Mp. 102-104°C. IR(KBr): ν 1720 (C=O), 1055 (S=O). 1H-NMR(100 MHz, CDCl3): δ 1.14-1.43 (m, 6H, 
CHCH3 and CO2CH2CH3), 1.24 (s, 9H, C(CH3)3), 1.68 and 1.77 (br. s, 3H, CH3-C=C), 2.05-2.52 (m, 4H, C-
CH2-C and C-CH2-S), 3.90-4.21 (m, 3H, CH and CO2CH2CH3). MS(CI): m/e 317 (M++1, 11%), 316 (M+, 
1%), 243 (M+-CO2CH2CH3, 11%), 216 (M++1-CH(OC4H9)CH3, 90%), 215 (M+-CH(OC4H9)CH3, 8%), 57 
(C4H9+, 46%). Elemental analysis: calculated for C16H28O4S (316.461): C 60.73, H 8.92, S 10.13; found C 
60.74, H 8.98, S 9.78. 
 
trans-2-Methoxycarbonyl-2-(1-phenylethyl)-3,6-dihydro-2H-thiopyran S-oxide (2dI and 2dII) 
The general procedure for the Diels-Alder reactions of α-oxo sulfines with tin(IV) chloride described in 
Chapter 3 was followed. Starting from E-(S)-methoxycarbonyl (1-phenylethyl) sulfine 1d (0.45 g, 2.0 
mmol), a diastereomeric mixture of compounds 2dI and 2dII was obtained as a slightly yellow oil 
(0.38 g, 68%) after column chromatography with hexane / ethyl acetate (1:1, v/v). Diastereomeric 
excess (d.e.) = 33% (NMR). 
IR(CCl4): ν 1715 (C=O), 1055 (S=O). 1H-NMR(100 MHz, CDCl3): δ 1.50 (d, 3J=7.2 Hz, 3H, C-CH3, minor 
isomer), 1.56 (d, 3J=7.1 Hz, 3H, CH-CH3, major isomer), 2.03-3.50 (m, 5H, CH-CH3 and 2×CH2), 3.58 (s, 
3H, CO2CH3, minor isomer, 3.69 (s, 3H, CO2CH3, major isomer), 5.45-5.91 (m, 2H, CH=CH), 7.06-7.47 
(m, 5H, arom. H). 13C-NMR(25 MHz, CDCl3), major isomer: δ 16.2 (q, CH-CH3), 24.7 (t, C-CH2-C), 43.2 (d, 
CH-CH3), 44.5 (t, C-CH2-S), 52.0 (q, CO2CH3), 67.6 (s, C-CO2CH3), 115.4 (d, =CH), 126.7-128.7 (=CH and 
arom. CH), 139.8 (s, arom Ci), 170.0 (s, C=O). minor isomer: δ 15.1 (q, CH-CH3), 23.7 (t, C-CH2-C), 42.7 (d, 
CH-CH3), 44.7 (t, C-CH2-S), 52.0 (q, CO2CH3), 67.9 (s, C-CO2CH3), 116.7 (d, =CH), 126.7-128.7 (=CH and 
arom. CH), 140.0 (s, arom Ci), 169.8 (s, C=O). MS(CI): m/e 279 (M++1, 100%), 278 (M+, 4%), 246 (9%), 
227 (12%), 197 (13%), 169 (17%), 105 (CH(CH3)C6H5+, 60%), 91 (C6H5+, 11%). 
 
2-Methoxy-2-phenylacetyl chloride (7a) 
A solution of 2-methoxy-2-phenylacetic acid 6a in thionyl chloride (10 equiv.) was stirred for a period 
of 18 h at ambient temperature under an inert atmosphere of argon. Then, the volatiles were removed 
in vacuo. The resulting product was placed in a desiccator under reduced pressure (1 mm Hg) for 
period of 12 h to remove traces of volatiles. 
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 Starting from racemic 6a (5.45 g, 32.8 mmol) compound rac-7a was obtained as a colorless liquid 
(6.06 g, quant.). IR(CCl4): ν 1790 (C=O). 1H-NMR(100 MHz, CDCl3): δ 3.51 (s, 3H, OCH3), 4.99 (s, 1H, 
CH), 7.43 (br. s, 5H, arom. H). Starting from R-(-)-6a (2.09 g, 12.6 mmol) compound R-7a was 
obtained as a colorless liquid (2.26 g, quant.). [ ] -113.0° (c=1, CHClα D23 3). All spectroscopic data were in 
agreement with those of racemic 7a. 
 
2-Acetoxy-2-phenylacetyl chloride (7b) 
A solution of mandelic acid 6c in acetyl chloride (3.5 equiv.) was refluxed for a period of 2 h under an 
inert atmosphere of argon. The volatiles were removed in vacuo. The resulting 2-acetoxy-phenylacetic 
acid 6b was dissolved in thionyl chloride (3 equiv.) and the mixture was stirred for a period of 16 h at 
ambient temperature under an inert atmosphere of argon. Then, carbon tetrachloride (ca. 1 
mL/mmol) was added and the reaction mixture was refluxed for a period of 4 h. Finally, the volatiles 
were removed in vacuo and the resulting product was purified by distillation under reduced pressure. 
Starting from racemic 6c (9.2 g, 60.5 mmol) compound rac-7b was obtained as a colorless liquid (11.4 
g, 89%). Bp. 92-98°C (0.1 mm Hg). Lit.[45] 125-130°C (10 mm Hg), 150-155°C (33 mm Hg). IR(CCl4): ν 
1805 (C=O, acid chloride), 1760 (C=O, ester). 1H-NMR(100 MHz, CDCl3): δ 2.22 (CH3), 6.08 (s, 1H, CH), 
7.47 (br. s, 5H, arom. H). Starting from R-(+)-6c (9.1 g, 60 mmol) compound R-7d was obtained as a 
colorless liquid (10.3 g, 84%). [ ] -162.7° (c=1, CHClα D23 3). All other data were in agreement with those 
of racemic 7c. 
 
2-Chloro-2-phenylacetyl chloride (7c) 
A solution of mandelic acid 6c in thionyl chloride (4 equiv.) was stirred for a period of 24 h at ambient 
temperature under an inert atmosphere of argon. Then, carbon tetrachloride (ca. 1 mL/mmol) was 
added and the reaction mixture was refluxed for a period of 4 h. Finally, the volatiles were removed in 
vacuo and the resulting product was purified by distillation under reduced pressure. 
Starting from racemic 6c (18.3 g, 120 mmol) compound rac-7c was obtained as a colorless liquid (5.8 
g, 26%). Bp. 64°C (0.03 mbar). IR(CCl4): ν 1805 (C=O). 1H-NMR(100 MHz, CDCl3): δ 5.63 (s, 1H, CH), 
7.46 (br. s, 5H, arom. H). Starting from R-(+)-6c (9.1 g, 60 mmol) compound S-7c was obtained as a 
colorless liquid (3.7 g, 33%). [ ] -123.8° (c=1, CHClα D23 3). All other data were in agreement with those of 
racemic 7c. 
 
2-Phenylpropanoyl chloride (7d) 
A solution of hydratropic acid 6c in thionyl chloride (10 equiv.) was stirred for a period of 18 h at 
ambient temperature under an inert atmosphere of argon. Then, the volatiles were removed in vacuo. 
The resulting product was placed in a desiccator under reduced pressure (1 mm Hg) for period of 12 h 
to remove traces of volatiles. 
Starting from racemic 6c (12.5 g, 83.2 mmol) compound rac-7d was obtained as a colorless liquid 
(12.3 g, 88%). Starting from R-(-)-6d (0.50 g, 3.33 mmol) compound R-7c was obtained as a colorless 
liquid (0.46 g, 82%). The product was used immediately after preparation. 
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 3,3,3-trifluoro-2-methoxy-2-phenylpropanoyl chloride (7e) 
To a solution of Mosher's acid and thionyl chloride (4 equiv.) in chloroform (10 mL/mmol) a catalytic 
amount of N,N-dimethylformamide (DMF) was added and the reaction mixture was refluxed for a 
period of 17 h under an inert atmosphere of argon. Then, the volatiles were removed in vacuo. The 
resulting product was placed in a desiccator under reduced pressure (1 mm Hg) for period of 12 h to 
remove traces of volatiles. 
Starting from racemic 6e (4.98 g, 21.3 mmol) compound rac-7e was obtained as a slightly yellow 
liquid (5.4 g, quant.). IR(CCl4): ν 1785 (C=O). 1H-NMR(100 MHz, CDCl3): δ 3.57 (s, 3H, OCH3), 7.41-7.58 
(br. s, 5H, arom. H). Starting from R-(+)-6e (1.25 g, 5.34 mmol) compound R-7e was obtained as a 
slightly yellow liquid (1.4 g, quant.). Lit.[46] Bp. 54-56 (1 mm Hg). Lit.[46] [  129.0° (c=5.14, CCl]24α D 4). 
 
General procedure for the synthesis of chiral 1-acyloxy-1,3-buta dienes 8 from acid chlorides 7 
Method A: A solution of crotonic aldehyde (1.0 equiv.) in tetrahydrofuran (0.15 mL/mmol) was slowly 
added to a cooled (-78°C) solution of potassium tert-butoxide (1.0-1.1 equiv.) in tetrahydrofuran (1.5 
mL/mmol). After formation of the yellow enolate a solution of the acid chloride 7 (1.2 equiv.) in 
tetrahydrofuran (ca. 0.15 mL/mmol) was slowly added. When the addition was completed, the 
reaction mixture was slowly allowed to reach ambient temperature and stirring was continued for an 
additional period of 1 h. Then, the reaction mixture was poured into icewater and extracted 3 times 
with diethyl ether. The combined organic layers were successively washed with brine, dried over 
MgSO4, filtered and concentrated in vacuo. Finally, the crude product was purified using column 
chromatography. Note: the reaction was performed under an inert atmosphere of argon. 
Method B: A solution of crotonic aldehyde (1.2 equiv.) in tetrahydrofuran (ca. 0.5 mL/mmol) was 
slowly added to a cooled (-78°C) and stirred solution of potassium tert-butoxide (1.0 equiv.) in 
tetrahydrofuran (ca. 1.0 mL/mmol). The yellow enolate was kept at -78° and slowly added via a 
cannule to a cooled (-78°C) and stirred solution of the acid chloride 7 (1.0 equiv.) in tetrahydrofuran 
(ca. 0.5 mL/mmol). After the addition was completed, the reaction mixture was slowly allowed to 
reach ambient temperature and stirring was continued for an additional period of 1 h. Then, the 
reaction mixture was poured into icewater and extracted 3 times with ethyl acetate. The combined 
organic layers were successively washed with brine, dried over MgSO4, filtered and concentrated in 
vacuo. Finally, the crude product was purified using column chromatography. Note: the reaction was 
performed under an inert atmosphere of argon. 
 
E-1-(2-methoxy-2-phenylacetoxy)-1,3-butadiene (Trost's diene 8a) 
Starting from racemic 2-methoxy-2-phenylacetyl chloride 7a (4.98 g, 27.0 mmol, 1.2 equiv.) following 
method A, compound rac-8a was obtained as a colorless oil (3.56 g, 73%) after column 
chromatography with hexane / ethyl acetate (19:1→9:1, v/v). Ratio trans/cis = 93:7 (GLC). The 
product contained 1.5% of the corresponding tert-butyl ester (NMR,GLC).  
IR(CCl4): ν 1765 (C=O), 1145 (C-O). 1H-NMR(300 MHz, CDCl3): δ 3.43 (s, 3H, OCH3), 4.84 (s, 1H, Ph-
CH), 5.09 (dd, 3J=10.1 Hz, 2J=1.1 Hz, 1H, -CH=CHtransHcis), 5.20 (dd, 3J=17.0 Hz, 2J=1.1 Hz, 1H, 
CH=CHtransHcis), 6.06 (dd, 3J=11.6 and 11.6 Hz, 1H, O-CH=CH-CH=CH2), 6.17-6.26 (m, 1H, O-CH=CH-
CH=CH2), 7.35-7.47 (m, 6H, O-CH=CH-CH=CH2 and arom. H). 13C-NMR(25 MHz, CDCl3): δ 57.4 (q, 
OCH3), 82.2 (d, Ph-CH), 117.1 (d, O-CH=CH-CH=CH2), 117.9 (t, O-CH=CH-CH=CH2), 127.3 and 128.8 (d, 
arom. Cortho+meta), 129.0 (d, arom. Cpara), 131.3 (d, O-CH=CH-CH=CH2), 135.5 (s, arom. Ci), 138.3 (d, O-
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 CH=CH-CH=CH2), 167.7 (s, C=O). MS(CI): m/e 219 (M++1, 0.2%), 159 (2%), 131 (5%), 122 (18%), 121 
(C6H5-CH+-OCH3, 100%), 105 (6%), 91 (9%), 77 (C6H5+, 16%). HR-MS(EI): m/e calculated for C13H14O3: 
218.0943 amu; found: 218.0944±0.0010 amu. 
Starting from R-(-)-2-methoxy-2-phenylacetyl chloride 7a (0.74 g, 4.0 mmol, 1.2 equiv.) following 
method A, compound R-(-)-8a was obtained as a colorless oil (0.65 g, 90%) after column 
chromatography with hexane / ethyl acetate (19:1→9:1, v/v). Ratio trans/cis = 98:2 (GLC). The 
product contained 1.5% of the corresponding tert-butyl ester (NMR). Enantiomeric excess >99%, 
determined by HPLC with hexane / 2-propanol (99:1, v/v). 
D
23[ ]α
D
28[ ]α
-13.9° (c=1, CHCl3). Lit.[26b] +14.4° (c=0.025, CHClD
23[ ]α 3) for the S-(+)-enantiomer. Lit.[26c] 
+7.9° (c=2.17, CH2Cl2) for the S-(+)-enantiomer. HR-MS(EI): m/e calculated for C13H14O3: 218.0943 
amu; found: 218.0944±0.0010 amu. All other spectroscopic data were in agreement with those of 
racemic 8a.  
 
E-1-(2-acetoxy-2-phenylacetoxy)-1,3-butadiene (8b) 
Starting from racemic 2-acetoxy-2-phenylacetyl chloride 7b (5.09 g, 24.0 mmol, 1.2 equiv.) following 
method A, compound rac-8b was obtained as a colorless oil (4.48 g, 91%) after column 
chromatography with hexane / ethyl acetate (4:1, v/v). Ratio trans/cis = 98:2 (GLC). The product 
contained a trace (<1%) of the corresponding tert-butyl ester (NMR, GLC).  
IR(CCl4): ν 1770 and 1750 (C=O), 1160 (C-O). 1H-NMR(300 MHz, CDCl3): δ 2.20 (s, 3H, C(=O)CH3), 5.10 
(d, 3J=10.5 Hz, 1H, -CH=CHtransHcis), 5.20 (d, 3J=16.5 Hz, 1H, CH=CHtransHcis), 5.96 (s, 1H, Ph-CH), 6.05 
(dd, 3J=11.6 and 11.6 Hz, 1H, O-CH=CH-CH=CH2), 6.16-6.29 (m, 1H, O-CH=CH-CH=CH2), 7.34 (d, 
3J=12.2 Hz, O-CH=CH-CH=CH2), 7.39-7.50 (m, 5H, arom. H). 13C-NMR(25 MHz, CDCl3): δ 20.5 (q, 
C(=O)CH3), 74.0 (d, Ph-CH), 117.3 (d, O-CH=CH-CH=CH2), 118.0 (t, O-CH=CH-CH=CH2), 127.6 and 
128.8 (d, arom. Cortho+meta), 129.4 (d, arom. Cpara), 131.0 (d, O-CH=CH-CH=CH2), 132.9 (s, arom. Ci), 138.1 
(d, O-CH=CH-CH=CH2), 165.0 and 170.0 (s, C=O). MS(CI): m/e 247 (M++1, 15%), 187 (C6H5-CH+-
CO2C4H5, 18%), 177 (C6H5-CH(OAc)C≡O+, 79%), 159 (27%), 150 (13%), 149 (C6H5-CH+-OC(=O)CH3, 
100%), 131 (29%), 107 (88%), 105 (16%), 77 (C6H5+, 10%), 70 (C4H5OH+, 35%). HR-MS(EI): m/e 
calculated for C14H14O4: 246.0892 amu; found: 246.0893±0.0014 amu. 
Starting from R-(-)-2-acetoxy-2-phenylacetyl chloride 7b (3.64 g, 17.1 mmol, 1.2 equiv.) following 
method A, compound R-(-)-8b was obtained as a colorless oil (3.09 g, 88%) after column 
chromatography with hexane / ethyl acetate (9:1, v/v). Ratio trans/cis = 98:2 (GLC). The product 
contained no traces of the corresponding tert-butyl ester (GC, NMR). Enantiomeric excess  = 95%, 
determined by HPLC with hexane / 2-propanol (98:2, v/v). 
D
23[ ]α -53.3° (c=1, CHCl3). HR-MS(EI): m/e calculated for C14H14O4: 246.08921 amu; found: 
246.08904±0.00097 amu. All other spectroscopic data were in agreement with those of racemic 8b.  
 
E-1-(2-chloro-2-phenylacetoxy)-1,3-butadiene (8c) 
Starting from racemic 2-chloro-2-phenylacetyl chloride 7c (4.20 g, 22.2 mmol, 1.2 equiv.) following 
method A, compound rac-8c was obtained as a pale yellow oil (3.16 g, 77%) after column 
chromatography with hexane / ethyl acetate (9:1, v/v). Ratio trans/cis = 94:6 (GLC). The product 
contained no traces of the corresponding tert-butyl ester (NMR, GLC). 
IR(CCl4): ν 1770 (C=O), 1140 (C-O). 1H-NMR(300 MHz, CDCl3): δ 5.11 (d, 3J=10.0 Hz, 1H, -
CH=CHtransHcis), 5.22 (d, 3J=16.5 Hz, 1H, CH=CHtransHcis), 5.41 (s, 1H, Ph-CH), 6.08 (dd, 3J=11.6 and 11.6 
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 Hz, 1H, O-CH=CH-CH=CH2), 6.16-6.26 (m, 1H, O-CH=CH-CH=CH2), 7.33-7.50 (m, 6H, O-CH=CH-
CH=CH2 and arom. H). 13C-NMR(25 MHz, CDCl3): δ 58.4 (d, Ph-CH), 117.5 (d, O-CH=CH-CH=CH2), 
118.3 (t, O-CH=CH-CH=CH2), 127.8 and 128.8 (d, arom. Cortho+meta), 129.4 (d, arom. Cpara), 130.8 (d, O-
CH=CH-CH=CH2), 135.0 (s, arom. Ci), 138.3 (d, O-CH=CH-CH=CH2), 165.9 (C=O). MS(EI): m/e 224 
(M+, 37Cl-isotope, 3%), 222 (M+, 35Cl-isotope, 11%), 154 (C6H5-C(37Cl)-C≡O+, 5%), 152 (C6H5-C(35Cl)-C≡O+, 
16%), 127 (C6H5-CH+-37Cl, 49%), 125 (C6H5-CH+-35Cl, 100%). HR-MS(EI): m/e calculated for C12H11ClO2: 
222.04476 amu; found: 222.04486±0.00088 amu. 
Starting from S-(-)-2-chloro-2-phenylacetyl chloride 7c (1.64 g, 8.7 mmol, 1.2 equiv.) following 
method A, compound S-(-)-8c was obtained as a colorless oil (1.08 g, 67%) after column 
chromatography with hexane / ethyl acetate (19:1→9:1, v/v). Ratio trans/cis = 97:3 (GLC). The 
product contained no tert-butyl ester (GC, NMR). Enantiomeric excess = 75%, determined by HPLC 
with hexane / 2-propanol (98:2, v/v). 
D
23[ ]α -18.6° (c=1, CHCl3). HR-MS(EI): m/e calculated for C12H11ClO2: 222.04476 amu; found: 
222.04486±0.00088 amu. All other spectroscopic data were in agreement with those of racemic 8c.  
Starting from S-(-)-α-chloro-phenylacetyl chloride 7c (4.7 g, 25 mmol) following method B, 
compound S-(-)-8c was obtained as a colorless oil (4.1 g, 74%) after column chromatography with 
hexane / ethyl acetate (9:1, v/v). Ratio trans/cis = 97:3 (GLC). The product contained a trace (<1%) of 
the corresponding tert-butyl ester (GC, NMR). Enantiomeric excess (e.e.) 98%, determined by HPLC 
with hexane / 2-propanol (98:2, v/v). 
D
20[ ]α -33.5° (c=1, CHCl3). For spectroscopic data vide supra. 
 
E-1-(2-phenylpropionoxy)-1,3-butadiene (8d) 
Starting from racemic 2-phenylpropanoyl chloride 7d (6.0 g, 35.6 mmol) following method B, 
compound rac-8d was obtained as a colorless oil (5.9 g, 82%) after column chromatography with 
hexane / ethyl acetate (20:1→9:1, v/v). Ratio trans/cis = 97:3 (GLC). The product contained 1% of the 
corresponding tert-butyl ester (GLC).  
IR(CCl4): ν 1750 (C=O), 1145 (C-O). 1H-NMR(300 MHz, CDCl3): δ 1.54 (d, 3J=7.2 Hz, 3H, CH-CH3), 3.79 
(q, 3J=7.2 Hz, 1H, CH-CH3), 5.06 (d, 3J=10.9 Hz, 1H, -CH=CHtransHcis), 5.17 (d, 3J=17.6 Hz, 1H, 
CH=CHtransHcis), 6.00 (dd, 3J=11.7 and 11.7 Hz, 1H, O-CH=CH-CH=CH2), 6.18-6.31 (m, 1H, O-CH=CH-
CH=CH2), 7.23-7.40 (m, 6H, O-CH=CH-CH=CH2 and arom. H). 13C-NMR(75 MHz, CDCl3): δ 18.3 (q, CH-
CH3), 45.3 (d, CH-CH3), 116.3 (d, O-CH=CH-CH=CH2), 117.3 (t, O-CH=CH-CH=CH2), 127.4 (d, arom. 
Cpara), 127.5 and 128.7 (d, arom. Cortho+meta), 131.6 (d, O-CH=CH-CH=CH2), 138.9 (d, O-CH=CH-CH=CH2), 
139.6 (s, arom. Ci), 171.4 (s, C=O). GC-MS(EI): m/e 202 (M+, 2%), 132 (C6H5-C+(CH3)C=O, 8%), 105 
(C6H5-CH+-CH3, 100%), 77 (C6H5+, 5%). 
Starting from R-2-phenylproponoyl chloride 7d (0.46 g, 2.73 mmol) following method B, compound 
R-(-)-8d was obtained as a colorless oil (0.32 g, 58%) after column chromatography with hexane / 
ethyl acetate (20:1→9:1, v/v). Ratio trans/cis = 98:2 (GLC). The product contained a trace (<1%) of 
the corresponding tert-butyl ester (NMR, GLC). Enantiomeric excess >99%, determined by HPLC 
with hexane / dichloromethane (98:2, v/v). 
D
20[ ]α -2.9° (c=1, CHCl3). HR-MS(EI): m/e calculated for C13H14O2: 202.09938 amu; found: 
202.09944±0.00077 amu. All other spectroscopic data were in agreement with those of racemic 8d. 
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 E-1-(3,3,3-trifluoro-2-methoxy-2-phenylpropionoxy)-1,3-butadiene (8e) 
Starting from racemic 3,3,3-trifluoro-2-methoxy-2-phenylpropanoyl chloride 7e (5.00 g, 19.8 mmol, 
1.2 equiv.) following method A, compound rac-8e was obtained as a colorless oil (3.31 g, 70%) after 
column chromatography with hexane / ethyl acetate (9:1, v/v). Ratio trans/cis = 98:2 (GLC). The 
product contained a trace (<1%) of the corresponding tert-butyl ester (NMR,GLC). Note: in addition 
to the general work-up procedure the combined organic layers were washed twice with a saturated 
aqueous solution of sodium hydrogencarbonate prior to column chromatography. 
IR(CCl4): ν 1760 (C=O), 1170 (C-O). 1H-NMR(300 MHz, CDCl3): δ 3.58 (s, 3H, OCH3), 5.17 (d, 3J=10.2 Hz, 
1H, -CH=CHtransHcis), 5.27 (d, 3J=16.7 Hz, 1H, CH=CHtransHcis), 6.17 (dd, 3J=11.5 and 11.5 Hz, 1H, O-
CH=CH-CH=CH2), 6.23-6.36 (m, 1H, O-CH=CH-CH=CH2), 7.39-7.53 (m, 6H, O-CH=CH-CH=CH2 and 
arom. H). 13C-NMR(25 MHz, CDCl3): δ 55.7 (q, OCH3), 117.4 (s, C-CF3), 118.5 (d, O-CH=CH-CH=CH2), 
119.1 (t, O-CH=CH-CH=CH2), 127.3 and 128.5 (d, arom. Cortho+meta), 129.9 (d, arom. Cpara), 130.8 (d, O-
CH=CH-CH=CH2), 131.7 (s, arom. Ci), 137.6 (d, O-CH=CH-CH=CH2), 163.8 (s, C=O). MS(CI): m/e 287 
(M++1, 0.3%), 255 (M+-OCH3, 2%), 121 (C6H5-CF3+-OCH3, 100%), 105 (19%), 91 (5%), 77 (C6H5+, 11%). 
Starting from R-3,3,3-trifluoro-2-methoxy-2-phenylpropanoyl chloride 7e (1.33 g, 5.3 mmol, 1.2 
equiv.) following method A, compound R-(+)-8e was obtained as a colorless oil (0.91 g, 72%) after 
column chromatography with hexane / ethyl acetate (9:1, v/v) and hexane / ethyl acetate (20:1, v/v). 
Ratio trans/cis = 97:3 (GLC). The product contained no tert-butyl ester (NMR, GLC). Enantiomeric 
excess (e.e.) >99%, determined by HPLC with hexane / 2-propanol (80:20, v/v). Note: in addition to 
the general work-up procedure the combined organic layers were washed twice with a saturated 
aqueous solution of sodium hydrogencarbonate prior to column chromatography. 
D
23[ ]α +74.6° (c=1, CHCl3). Elemental analysis: calculated for C14H13F3O3 (286.253): C 58.74, H 4.58; 
found C 57.66, H 4.33. All spectroscopic data were in agreement with those of racemic 8d. 
 
General procedure for the N-protection of amino acids 9 with a tert-butyloxycarbonyl group  
A literature procedure[39] was mainly followed. To a stirred solution of sodium hydroxide (1.1 equiv.) in 
water (1 mL/mmol) was added the amino acid 9 and tert-butyl alcohol (0.75 mL/mmol 9). To the well-
stirred resulting clear solution was added dropwise di-tert-butyl dicarbonate (1.0 equiv.) and the reaction 
mixture was stirred overnight at ambient temperature. Then, the mixture was washed twice with pentane 
(0.25 mL/mmol 9) and the organic phase was extracted three times with a saturated aqueous sodium 
bicarbonate solution (1 mL/mmol 9). The combined aqueous layers were cooled (0°C) and acidified to pH 
1-2 with an aqueous hydrogen chloride solution (6N). The turbid reaction mixture was then extracted with 
four portions of ethyl acetate (0.4 mL/mmol 9). The combined organic layers were successively washed 
twice with water (0.2 mL/mmol 9), dried over MgSO4, filtered and concentrated in vacuo. 
 
N-tert-Butoxycarbonyl-phenylglycine (Boc-Phg-OH, 10a1) 
Starting from DL-phenylglycine 9a (15.12 g, 100 mmol), compound 10a1 was obtained as a white solid 
(19.69 g, 79%) after inducing crystallization with hexane. 
Mp. 111-114°C. Lit.[47] 110-112°C. IR(KBr): ν 3360 (NH, OH), 1720 (C=O, acid), 1680 (C=O, carbamate), 
1505 (NH). 1H-NMR (100 MHz, O=C(CD3)2): δ 1.26 (s, 9H, C(CH3)3), 5.17 (br. d, 3J=8.0 Hz, 1H, CH-NH), 
6.48 (br. d, 3J= 8.0 Hz, 1H, NH), 7.18 - 7.32 (m, 5H, arom. H). 13C-NMR (25 MHz, CDCl3): δ 27.8 (q, 
C(CH3)3), 58.7 (d, CH-NH), 81.5 (s, C(CH3)3), 127.0 (d, arom. Cortho), 127.8 (d, arom. Cpara), 128.3 (d, 
arom.Cmeta), 138.2 (arom.Ci), 156.8 (s, NH-C=O), 174.9 (s, CO2H). 
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 N-tert-Butoxycarbonyl-proline (Boc-Pro-OH, 10b) 
Starting from DL-proline 9b (5.23 g, 45.4 mmol), compound 10b was obtained as a white solid (8.64 g, 
88%) after inducing crystallization with hexane. 
Mp. 134-136°C. Lit.[39] 135-136°C. IR(KBr): ν 2960 (br, OH), 1730 (C=O, acid), 1630 (C=O, carbamate). 
1H-NMR (100 MHz, CDCl3): δ 1.43 and 1.47 (ds, 9H, C(CH3)3), 1.79-2.28 (m, 4H, CH2-CH2-CH), 3.22-3.70 
(m, 2H, CH2-N), 4.14-4.46 (m, 1H, CH), 11.75 (br. s, 1H, CO2H). 13C-NMR (25 MHz, CDCl3): δ 23.6 and 
24.2 (t, CH2-CH2-CH), 28.2 (q, C(CH3)3), 29.3 and 30.8 (t, CH2-CH), 46.3 and 46.7 (t, CH2-N), 58.9 (d, 
CH-N), 80.4 (s, C(CH3)3), 154.0 and 155.4 (s, N-C=O), 176.6 and 178.3 (s, CO2H). Note: some absorptions 
in the NMR-spectra were doubled due to the occurence of two conformers of 9b on the NMR time scale. 
Starting from L-proline 9b (5.75 g, 50.0 mmol), compound 10b was obtained as colorless crystals (10.28 
g, 96%) after recrystallization from diethyl ether / ethyl acetate. 
Mp. 138°C. Lit.[39] 135-136°C. [ ] -82.0° (c=1, CHClD
20α 3), -59.5° (c=2, CHD23[ ]α 3CO2H). Lit.[39] -
60.6° (c=2, CH
D
20[ ]α
3CO2H). All spectroscopic data were in agreement with those of racemic 10b. 
 
N-tert-Butoxycarbonyl-indoline-2-carboxylic acid (Boc-Ica-OH, 10c) 
Starting from DL-indoline-2-carboxylic acid 9c (5.24 g, 32.1 mmol), compound 10c was obtained as a 
white solid (7.27 g, 86%) after recrystallization from diethyl ether / ethyl acetate. 
Mp. 133.5-135°C. Lit.[48] 128-129°C. IR(KBr): ν ±3000 (br, OH), 1715 (C=O, acid), 1695 (C=O, carbamate). 
1H-NMR (100 MHz, CDCl3): δ 1.52 (s, 9H, C(CH3)3), 3.17 (A of AB, dd, 2J=16.6 Hz, 3J=4.8 Hz, 1H, -CHAHB-
CH-), 3.51 (B of AB, dd, 2J=16.6 Hz, 3J=11.1 Hz, 1H, -CHAHB-CH-), 4.85-4.91 (m, 1H, CH2-CH), 6.86-7.84 
(m, 4H, arom. H), 11.73 (s, 1H, CO2H). 13C-NMR (25 MHz, CDCl3): δ 28.2 (q, C(CH3)3), 32.4 (t, CH2-CH), 
60.0 (d, CH-N), 81.8 (s, C(CH3)3), 114.6, 122.7, 124.5 and 128.0 (d, arom. C), 128.0 (s, arom. Ci-CH ), 142.1 
(s, arom. Ci-N), 151.6 (s, N-C=O), 176.0 (s, CO2H). 
Starting from L-indoline-2-carboxylic acid 9c (1.96 g, 12.0 mmol), compound 10c was obtained as a white 
solid (2.73 g, 87%) after inducing crystallization with hexane. 
Mp. 134-135°C. Lit.[48] 128-129°C. [ ] -84.5° (c=1, CHClD
20α 3). Lit.[48] -78° (c=2, EtOH). All 
spectroscopic data were in agreement with those of racemic 10c. 
D
27[ ]α
 
General procedure for the N-protection of amino acids 9 with a phthaloyl group  
Method A: The amino acid 9 and phthalic anhydride (1.0 equiv.) were dissolved in anisole (2 mL/mmol 9) 
and the mixture was heated under reflux. The liberated water was azeotropically removed using Dean-
Stark equipment. After 2-3 h the reaction was completed. The mixture was then concentrated in vacuo. 
The resulting crude product was precipitated in diisopropyl ether, filtered off, and washed with diisopropyl 
ether. Finally the product was dried over P2O5 in a desiccator (ca. 1 mm Hg). 
Method B:[41] Sodium carbonate (1.0 equiv.) was dissolved in water (1.5 mL/mmol) and the amino acid 9 
was added in one portion. The mixture was heated (40°C) until the solution became clear. Then N-
carboethoxy phthalimide (1.0 equiv.) was added and the mixture was stirred at 40°C for a period of 1 h. 
After cooling to ambient temperature the mixture was filtered. The filtrate was acidified to pH 1 with an 
aqueous hydrogen chloride solution (6N). The mixture was heated (60°C) to dissolved to formed product. 
After cooling down the product 10 was filtered off and dried over P2O5 in a desiccator (ca. 1 mm Hg). 
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 N-phthaloyl-phenylglycine (Pht-Phg-OH, 10a ) 2
Starting from D-phenylglycine 9a (15.1 g, 100 mmol) following method B, compound 10a was obtained as 
a white crystals (19.0 g, 68%). 
Mp. 118-119°C. [ ] -1.7° (c=0.4, CHCl ). H-NMR (100 MHz, O=C(CD ) ): δ 6.07 (s, 1H, CH), 7.89 (br. 
s, 5H, C H ), 7.32-7.61 (m, 4H, C H ). 
3 1 3 2
6 5 6 4
 
N-phthaloyl-alanine (Pht-Ala-OH, 10d) 
Starting from DL-alanine 9d (3.56 g, 40.0 mmol) following method A, compound 10d was obtained as a 
white crystals (7.37 g, 84%) after recrystallization from toluene. 
Mp. 162-163°C. IR(KBr): ν 3480 (br, OH), 1775 (C=O, acid), 1705 (C=O, amide). H-NMR (100 MHz, 
CDCl ): δ 1.71 (d, J=7.4 Hz, 3H, CH ), 5.03 (q, J=7.4 Hz, 1H, CH), 7.27 (br. s, 1H, CO H), 7.66-7.92 
(m, 4H, arom. H).  
1
3 3 3 3 2
Starting from L-alanine 9d (11.58 g, 130 mmol) following method A, compound 10d was obtained as a 
white crystals (25.65 g, 90%) after recrystallization from toluene. 
D
23α
Mp. 162-163°C. Lit.[40a] 160-161°C. -0.8° (c=1, DMF). All spectroscopic data were in agreement 
with those of racemic 10d. 
D
23[ ]α
 
N-phthaloyl-tert-leucine (Pht-t-Leu-OH, 10e) 
Starting from DL-tert-leucine 9e (0.50 g, 3.81 mmol) following method A, compound 10e was obtained as 
a white crystals (0.98 g, 98%). 
Mp. 155-157°C. IR(KBr): ν 3225 (br, OH), 1755 (C=O, acid), 1710 (C=O, amide). 1H-NMR (100 MHz, 
CDCl3): δ 1.18 (s, 9H, C(CH3)3), 4.73 (s, 1H, CH), 6.70 (br. s, 1H, CO2H), 7.69-7.92 (m, 4H, arom. H).  
Starting from L-tert-leucine 9e (2.5 g, 19 mmol) following method A, compound 10e was obtained as a 
white solid (4.8 g, 96%) after passing through a small column of silica using ethyl acetate as the eluent. 
Mp. 156-157°C. [ ] -88.0° (c=1, CHClD
20α 3). All spectroscopic data were in agreement with those of 
racemic 10e. 
 
N-phthaloyl-phenylalanine (Pht-Phe-OH, 10f) 
Starting from L-phenylalanine 9f (3.30 g, 20.0 mmol) following method B, compound 10f was obtained 
as a white crystals (4.34 g, 74%). 
Mp. 180-182°C. Lit.[41] 178°C. Lit.[40a] 174-175°C. [ ] -252.2° (c=1, DMF). IR(KBr): ν 3220 (br, OH), 1745 
(C=O, acid), 1695 (C=O, amide). 
D
23α
1H-NMR (100 MHz, CDCl3): δ 3.59 (d, 3J=8.4 Hz, 2H, CHs), 5.23 (t, 
3J=8.4 Hz, 1H, CH), 7.17 (br. s, 5H, C6H5), 7.62-7.84 (m, 4H, C6H4), 10.81 (br. s, 1H, CO2H). 
 
General procedure for the activation of N-protected amino acids 10 
To a solution of the N-protected amino acid 10 and the alcohol of choice (Table 4.6, 1.2 equiv) in ethyl 
acetate (3 mL/mmol 10) or dichloromethane (3 mL/mmol 10) was added dropwise a solution of the 
coupling reagent of choice (Table 4.6, 1.2 equiv.) in the same solvent (2 mL/mmol). After stirring 
overnight (ca. 18 h) the reaction mixture was filtered over hyflo and concentrated in vacuo. The crude 
product was dissolved in dichloromethane (1 mL/mmol) and washed twice with an aqueous solution of 
potassium carbonate (1N) and once with brine. Finally, the organic phase was dried over MgSO4, filtered, 
and concentrated in vacuo. The resulting product was purified using column chromatography. 
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 N-tert-Butoxycarbonyl-phenylglycine pentafluorophenyl ester (Boc-Phg-OPfp, 11a1I) 
The reaction was performed in ethyl acetate with N,N-dicyclohexylcarbodiimide as coupling reagent. 
Starting from DL-N-tert-butoxycarbonyl-phenylglycine 10a1 (12.5 g, 50 mmol), compound 11a1I was 
obtained as a white solid (16.7 g, 80%) after column chromatography with hexane / ethyl acetate (6:1, 
v/v). Recrystallization from toluene afforded an analytically pure sample of 11a1I. 
Mp. 107-108°C. IR(KBr): ν 3430 (NH), 1780 (C=O, ester), 1715 (C=O, carbamate). 1H-NMR (100 MHz, 
CDCl3): δ 1.46 (s, 9H, C(CH3)3), 5.27 (br. s, 1H, CH-NH), 5.65 (br. s, 1H, NH), 7.42 (br. s, 5H, arom. H). 
13C-NMR (25 MHz, CDCl3): δ 28.2 (q, C(CH3)3), 57.8 (d, CH-NH), 80.7 (s, C(CH3)3), 127.5 (d, arom. Cortho), 
129.4 (d, arom. Cpara+ortho), 134.8 (arom.Ci), 155.0 (s, NH-C=O), 167.9 (s, C=Oester). Note: the C-F 
absorptions were not detected. MS(CI): m/e 418 (M++1, 1%), 362 (40%), 318 (C6H5-CH(CO2C6F5)-NH3+, 
51%), 301 (16%), 206 (C6H5-CH+(NH)-CO2C(CH3)3, 26%), 184 (12%), 178 (C6H5-CH(CO2H)-NH+=C=O, 
48%), 150 (C6H5-C+(NH2)-CO2H, 100%), 106 (C6H5-CH+-NH2, 66%), 104 (13%), 59 (22%), 57 (C+(CH3)3, 
99%). Elemental analysis: calculated for C19H16F5NO4 (417.332): C 54.68, H 3.86, N 3.35; found C 54.79, H 
3.76, N 3.52.  
 
N-tert-Butoxycarbonyl-phenylglycine p-nitrophenyl ester (Boc-Phg-OPnp, 11a1II) 
The reaction was performed in dichloromethane with N,N-dicyclohexylcarbodiimide as coupling reagent. 
Starting from DL-N-tert-butoxycarbonyl-phenylglycine 10a1 (0.93 g, 3.71 mmol), compound 11a1II was 
obtained as a white solid (0.98 g, 71%) after column chromatography with chloroform. 
Mp. 142-144°C. IR(KBr): ν 3360 (NH), 1765 (C=O, ester), 1680 (C=O, carbamate). 1H-NMR (100 MHz, 
O=C(CD3)2): δ 1.30 (s, 9H, C(CH3)3), 2.77 (br. s, 1H, NH), 5.42 (t, 3J=3.5 Hz, 1H, CH-NH), 7.19-7.49 and 
8.14-8.23 (m, 9H, arom. H). MS(CI): m/e 373 (M++1, 1%), 273 (C6H5-CH(CO2C6H4NO2)-NH3+, 14%), 206 
(C6H5-CH+(NH)-CO2C(CH3)3, 25%), 178 (C6H5-CH(CO2H)-NH+=C=O, 47%), 150 (C6H5-C+(NH2)-CO2H, 
78%), 140 (72%), 109 (62%), 106 (C6H5-CH+-NH2, 63%), 57 (C+(CH3)3, 100%). Elemental analysis: 
calculated for C19H20N2O6 (372.378): C 61.28, H 5.41, N 7.52; found C 59.42, H 5.26, N 7.18. 
 
N-phthaloyl-phenylglycine pentafluorophenyl ester (Pht-Phg-OPfp, 11a2I) 
The reaction was performed in dichloromethane with N,N-dicyclohexylcarbodiimide as coupling reagent. 
Starting from D-N-phthaloyl-phenylglycine 10a2 (7.0 g, 30 mmol), compound 11a2I was obtained as white 
crystals (9.4 g, 84%) after column chromatography with hexane / ethyl acetate (3:1, v/v). Recrystallization 
from diisopropyl ether / dichloromethane afforded an analytically pure sample of 11a2I, which was almost 
completely racemized (HPLC).  
Mp. 127-129°C. [ ]  -0.2° (c=1, CHClD
20α 3). IR(KBr): ν 1790 (C=O, ester), 1710 (C=O, amide). 1H-NMR 
(100 MHz, CDCl3): δ 6.39 (s, 1H, CH), 7.33-7.94 (m, 9H, arom. H). MS(CI): m/e 448 (M++1, 4%), 264 
(C8H4NO2-CH(C6H5)-C≡O+, 18%), 236 (C8H4NO2-CH+-C6H5, 100%). Elemental analysis: calculated for 
C22H10F5NO4 (447.318): C 59.07, H 2.25, N 3.13; found C 58.97, H 2.33, N 3.20.  
 
N-tert-Butoxycarbonyl-proline pentafluorophenyl ester (Boc-Pro-OPfp, 11bI)  
Starting from DL-N-tert-butoxycarbonyl-proline 10b (4.3 g, 20 mmol) using N,N-dicyclohexyl-
carbodiimide as coupling reagent and ethyl acetate as solvent, compound 11bI was obtained as a white 
solid (7.0 g, 92%) after column chromatography with hexane / ethyl acetate (4:1, v/v). 
Mp. 52-54°C. Lit.[43b] 51-52°C IR(KBr): ν 1790 (C=O, ester), 1685 (C=O, carbamate). 1H-NMR (100 MHz, 
CDCl3): δ 1.46 (s, 9H, C(CH3)3), 1.68-2.57 (m, 4H, CH2-CH2-CH), 3.38-3.70 (m, 2H, CH2-N), 4.53-4.66 (m, 
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 1H, CH). 13C-NMR (25 MHz, CDCl3): δ 23.3 (t, CH2-CH2-CH), 27.9 (q, C(CH3)3), 30.1 (t, CH2-CH), 46.1 (t, 
CH2-N), 58.4 (d, CH-N), 80.5 (s, C(CH3)3), 153.3 (s, N-C=O), 169.1 and 178.3 (s, C=Oester). Note: the C-F 
absorptions were not detected. GC-MS(EI): m/e 381 (M+, 0.2%), 280 (M+-CO2C4H9, 36%), 114 
(C5H8NO2+, 80%), 70 (C4H8N+, 100%), 57 (C4H9+, 69%). Elemental analysis: calculated for C16H16F5NO4 
(381.30): C 50.40, H 4.23, N 3.67; found C 49.98, H 3.92, N 3.61.  
Starting from L-N-tert-butoxycarbonyl-proline 10b (4.84 g, 22.5 mmol) using N,N-dicyclohexyl-
carbodiimide as coupling reagent and ethyl acetate as solvent, compound 11bI was obtained as a white 
solid (7.37 g, 86%) after column chromatography with hexane / ethyl acetate (4:1, v/v). 
D
23[ ]α -52.9° (c=1, CHCl3). Lit.[43b] -53.0° (c=1, dioxane). All other analyses were in agreement with 
those of racemic 11bI. 
Starting from L-N-tert-butoxycarbonyl-proline 10b (19.1 g, 89 mmol) using N,N-diisopropyl-
carbodiimide as coupling reagent and ethyl acetate as solvent, compound 11bI was obtained as a white 
solid (33.2 g, 98%) after column chromatography with hexane / ethyl acetate (9:1, v/v). 
D
20[ ]α -50.9° (c=1, CHCl3). All other analyses were in agreement with those of racemic 11bI. 
 
N-tert-Butoxycarbonyl-proline p-nitrophenyl ester (Boc-Pro-OPnp, 11bII) 
Starting from L-N-tert-butoxycarbonyl-proline 10b (8.6 g, 40 mmol) using N,N-diisopropylcarbodiimide 
as coupling reagent and ethyl acetate as solvent, compound 11bII was obtained as pale yellow oil (12.4 g, 
92%) after column chromatography with hexane / ethyl acetate (4:1, v/v). Enantiomeric excess >99%, 
determined by HPLC with hexane / 2-propanol (80:20, v/v). 
D
20[ ]α -37.4° (c=1, CHCl3). IR(CCl4): ν 1780 (C=O, ester), 1710 and 1690 (C=O, carbamate). 1H-NMR (100 
MHz, CDCl3): δ 1.49 (s, 9H, C(CH3)3), 2.02-2.43 (m, 4H, CH2-CH2-CH), 3.52-3.65 (m, 2H, CH2-N), 4.43-
4.55 (m, 1H, CH), 7.31 (d, 3J=9.0 Hz, 2H, arom. Hortho), 8.28 (dd, 3J=9.0 Hz, 4J=3.0 Hz, 2H, arom. Hmeta).  
GC-MS(EI): m/e 336 (M+, 0.1%), 235 (M+-CO2C4H9, 17%), 114 (C5H8NO2+, 77%), 70 (C4H8N+, 100%), 
57 (C4H9+, 40%).  
Alternatively, compound 11bII was prepared using benzotriazole-1-yl-oxy-tris[dimethylamino]- 
phosphonium hexafluoro phosphate (BOP) as coupling reagent, following a literature procedure.[42] L-
N-tert-Butoxycarbonyl-proline 10b (3.2 g, 15.0 mmol), p-nitrophenol (2.1 g, 15 mmol), triethylamine (4.2 
mL, 30 mmol), and BOP reagent (6.6 g, 15 mmol) were dissolved successively in dichloromethane (225 
mL). The reaction mixture was stirred for a period of 2 h at ambient temperature. Then, brine (200 mL) 
was added and the resulting mixture was extracted with ethyl acetate (3×150 mL). The combined organic 
layers were successively washed three times with an aqueous solution of hydrogen chloride, three times 
with a saturated aqueous solution of sodium bicarbonate, and twice with brine, dried over MgSO4, filtered 
and concentrated in vacuo. The crude product was purified using column chromatography with hexane / 
ethyl acetate (3:1, v/v), affording 11bII as a yellowish oil (4.9 g, 97%). All analyses were in agreement 
with those of racemic 11bII. 
 
N-tert-Butoxycarbonyl-proline N-hydroxysuccinimde ester (Boc-Pro-ONSu, 11bIII) 
Starting from L-N-tert-butoxycarbonyl-proline 10b (8.6 g, 40 mmol) using N,N-dicyclohexylcarbodiimide 
as coupling reagent and dichloromethane as solvent, compound 11bIII was obtained as a syrup (10.3 g, 
83%) after filtering the organic phase three times over hyflo to remove dicyclohexylurea. 
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 1H-NMR (100 MHz, CDCl3): δ 1.45 and 1.48 (s, 9H, C(CH3)3), 2.02-2.14 (m, 4H, CH2-CH2-CH), 2.93 (br. s, 
4H, O=C-CH2-CH2-C=O), 3.42-3.89 (m, 2H, CH2-N), 4.32-4.60 (m, 1H, CH), Note: some absorptions in 
the NMR-spectra were doubled due to the occurence of two conformers of 9b on the NMR time scale. 
 
N-tert-Butoxycarbonyl-indoline-2-carboxylic acid pentafluorophenyl ester (Boc-Ica-OPfp, 11cI) 
Starting from L-N-tert-butoxycarbonyl-indoline-2-carboxylic acid 10c (1.84 g, 7.0 mmol) using N,N-
dicyclohexylcarbodiimide as coupling reagent and ethyl acetate as solvent, compound 11cI was obtained 
as a white solid (2.89 g, 96%) after column chromatography with hexane / ethyl acetate (6:1, v/v). 
Mp. 112-113°C. IR(KBr): ν 1790 (C=O, ester), 1710 (C=O, carbamate). 1H-NMR (100 MHz, CDCl3): δ 1.56 
(s, 9H, C(CH3)3), 3.32 (A of ABX, dd, 2JAB=16.7 Hz, 3JAX=4.8 Hz, 1H, -CHAHB-CHX-), 3.70 (B of ABX, dd, 
2JBA=16.7 Hz, 3JBC=11.4 Hz, 1H, -CHAHB-CHX-), 5.20 (X of ABX dd, 3JCA=4.8 Hz, 3JCB=11.4 Hz, 1H, CHAHB-
CHX), 6.89-7.95 (m, 4H, arom. H). 13C-NMR (25 MHz, CDCl3): δ 28.2 (q, C(CH3)3), 33.0 (t, CH2-CH), 60.0 
(d, CH-N), 82.5 (s, C(CH3)3), 114.8, 123.0, 124.6 and 128.3 (d, arom. C), 127.5 (s, arom. Ci-CH ), 142.3 (s, 
arom. Ci-N), 151.9 (s, N-C=O), 167.9 (s, CO2H). Note: the C-F absorptions were not detected. GC-MS(EI): 
m/e 429 (M+, 1%), 329 (M+-CO2C4H9, 12%), 118 (C8H8N+, 100%). 
Starting from L-N-tert-butoxycarbonyl-indoline-2-carboxylic acid 10c (1.50 g, 5.7 mmol) using N,N-
diisopropylcarbodiimide as coupling reagent and ethyl acetate as solvent, compound 11cI was obtained as 
a white solid (2.34 g, 96%) after column chromatography with hexane / ethyl acetate (9:1, v/v). 
Enantiomeric excess >99%, determined by HPLC with hexane / 2-propanol (80:20, v/v). 
Mp. 113°C. [ ] -27.2° (c=1, CHClD
20α 3). All spectroscopic data were in agreement with those mentioned 
above. 
 
N-tert-Butoxycarbonyl-indoline-2-carboxylic acid p-nitrophenyl ester (Boc-Ica-OPnp, 11cII) 
Starting from DL-N-tert-butoxycarbonyl-indoline-2-carboxylic acid 10c (0.79 g, 3.0 mmol) using N,N-
dicyclohexylcarbodiimide as coupling reagent and ethyl acetate as solvent, compound 11cII was obtained 
as a yellowish oil (1.12 g, 96%) after column chromatography with hexane / ethyl acetate (9:1, v/v). 
IR(CCl4): ν 1790 (C=O, ester), 1710 (C=O, carbamate). 1H-NMR (100 MHz, CDCl3): δ 1.57 (s, 9H, C(CH3)3), 
3.30 (A of ABX, dd, 2JAB=16.7 Hz, 3JAX=5.2 Hz, 1H, -CHAHB-CHX-), 3.69 (B of ABX, dd, 2JBA=16.7 Hz, 
3JBC=11.2 Hz, 1H, -CHAHB-CHX-), 5.13 (X of ABX, dd, 3JCA=5.2 Hz, 3JCB=11.2 Hz, 1H, CHAHB-CHX), 6.92-
7.38 (m, 4H, arom. H), 7.31 (d, 3J=9.1 Hz, 2H, arom. Hortho, ester), 8.27 (d, 3J=9.1 Hz, 1H, arom. Hmeta, ester). 
GC-MS(EI): m/e 384 (M+, <1%), 284 (M+-CO2C4H9, 10%), 118 (C8H8N+, 100%). 
Starting from L-N-tert-butoxycarbonyl-indoline-2-carboxylic acid 10c (1.84 g, 7.0 mmol) using N,N-
diisopropylcarbodiimide as coupling reagent and dichloromethane as solvent, compound 11cII was 
obtained as pale yellow oil (2.57 g, 96%) after column chromatography with hexane / ethyl acetate 
(9:1→3:1, v/v). Enantiomeric excess >99%, determined by HPLC with hexane / 2-propanol (80:20, 
v/v). 
D
20[ ]α -23.6° (c=1, CHCl3). All spectroscopic data were in agreement with those of racemic 11cII. 
 
N-phthaloyl-alanine pentafluorophenyl ester (Pht-Ala-OPfp, 11dI) 
Starting from DL-N-phthaloyl-alanine 10d (5.5 g, 25 mmol) using N,N-diisopropylcarbodiimide as 
coupling reagent and dichloromethane as solvent, compound 11dI was obtained as a white solid (9.3 g, 
97%) after column chromatography with hexane / ethyl acetate (6:1→4:1, v/v). Enantiomeric excess 
>99%, determined by HPLC with hexane / 2-propanol (80:20, v/v). 
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 Mp. 107.0-108.5°C. IR(KBr): ν 1795, 1775 (C=O, ester), 1715 (C=O, amide). 1H-NMR (100 MHz, CDCl3): δ 
1.86 (d, 3J=7.3 Hz, 3H, CH3), 5.36 (q, 3J=7.3 Hz, 1H, CH), 7.74-7.98 (m, 4H, arom. H). 13C-NMR (25 
MHz, CDCl3): δ 15.3 (q, CH3), 46.8 (d, CH), 123.7 (d, arom. C'ortho', phthaloyl), 131.7 (s, arom. Ci, phthaloyl), 
134.5 (d, arom. C'meta', phthaloyl), 166.1 and 166.7 (s, C=O). Note: the C-F absorptions were not detected. 
GC-MS(EI): m/e 385 (M+, 0.2%), 174 (C8H4O2N-CH+-CH3, 100%), 147 (19%), 130 (13%), 76 (11%), 50 
(10%). 
Starting from L-N-phthaloyl-alanine 10d (15.8 g, 72 mmol) using N,N-diisopropylcarbodiimide as 
coupling reagent and dichloromethane as solvent, compound 11dI was obtained as a white solid (23.4 g, 
84%) after column chromatography with hexane / ethyl acetate (6:1→4:1, v/v). 
Mp. 107.5-108.5°C. [ ] -27.0° (c=1, CHClD
23α 3). Elemental analysis: calculated for C17H8F5NO4 (385.249): C 
53.00, H 2.09, N 3.64; found C 53.11, H 1.68, N 3.56. All spectroscopic data were in agreement with 
those of racemic 11dI. 
 
N-phthaloyl-tert-butylleucine pentafluorophenyl ester (Pht-t-Leu-OPfp, 11eI) 
Starting from L-N-phthaloyl-tert-butylleucine 10e (3.20 g, 12.2 mmol) using N,N-diisopropyl-
carbodiimide as coupling reagent and dichloromethane as solvent, compound 11eI was obtained as a 
white solid. (4.93 g, 95%) after column chromatography with hexane / ethyl acetate (9:1, v/v). 
Recrystallization from diisopropyl ether / hexane afforded analytically pure 11eI. 
Mp. 93-94°C. [ ] -49.3° (c=1, CHClD
20α 3). IR(KBr): ν 1795 (C=O, ester), 1720 (C=O, amide). 1H-NMR (100 
MHz, CDCl3): δ 1.23 (s, 9H, C(CH3)3), 4.97 (s, 1H, CH), 7.75-8.00 (m, 4H, arom. Hphthaloyl). 13C-NMR (25 
MHz, CDCl3): δ 27.3 (C(CH3)3), 36.1 (C(CH3)3), 59.0 (CH), 123.7 (arom. C'ortho', phthaloyl), 131.4 (arom. Ci, 
phthaloyl), 134.4 (arom. C'meta', phthaloyl), 163.4 and 167.4 (C=O). Note: the C-F absorptions were not 
detected. GC-MS(EI): m/e 428 (M++1, 2%), 216 (C8H4O2N-CH+-C4H9, 100%), 160 (24%), 148 (14%), 
130 (19%), 104 (14%), 76 (13%). Elemental analysis: calculated for C20H14F5NO4 (427.330): C 56.21, H 
3.30, N 3.28; found C 56.29, H 3.18, N 3.36.  
 
N-phthaloyl-tert-butylleucine p-nitrophenyl ester (Pht-t-Leu-OPnp, 11eII) 
Starting from DL-N-phthaloyl-tert-butylleucine 10e (0.98 g, 3.73 mmol) using N,N-diisopropyl-
carbodiimide as coupling reagent and ethyl acetate as solvent, compound 11eII was obtained as a pale 
yellow solid (0.50 g, 35%) after column chromatography with hexane / ethyl acetate (9:1, v/v). 
Mp. 134-135°C. All spectroscopic data were in agreement with those of L-11eII. 
Starting from L-N-phthaloyl-tert-butylleucine 10e (3.00 g, 11.5 mmol) using N,N-diisopropylcarbodiimide 
as coupling reagent and ethyl acetate as solvent, compound 11eII was obtained as a pale yellow solid (2.31 
g, 53%) after column chromatography with hexane / ethyl acetate (9:1, v/v). Recrystallization afforded an 
analytically pure sample of 11eII. Enantiomeric excess = 98%, determined by HPLC with hexane / 2-
propanol (90:10, v/v)  
Mp. 134-135°C. [ ] -174.1° (c=1, CHClD
20α 3). IR(KBr): ν 1780 and 1770 (C=O, ester), 1710 C=O, amide). 1H-
NMR (100 MHz, CDCl3): δ 1.22 (s, 9H, C(CH3)3), 4.67 (s, 1H, CH), 7.24 (d, 3J=8.4 Hz, 2H, arom. Hortho, p-
nitrophenyl), 7.74-7.97 (m, 4H, arom. H, phthaloyl) 8.23 (d, 3J=8.4 Hz, 2H, arom. Hmeta, p-nitrophenyl). 
13C-NMR (25 MHz, CDCl3): δ 27.5 (q, C(CH3)3), 36.3 (s, C(CH3)3), 59.4 (s, CH), 122.7 and 125.1 (d, arom. 
CH, p-nitrophenyl), 123.8 (d, arom. C'ortho', phthaloyl), 131.6 (s, arom. Ci, phthaloyl), 134.6 (d, arom. C'meta', 
phthaloyl), 145.5 (s, arom. Ci-O, p-nitrophenyl), 155.1 (s, arom. Ci-NO2, p-nitrophenyl), 165.6 and 167.7 (s, 
C=O). GC-MS(EI): m/e 383 (M++1, 1%), 216 (C8H4O2N-CH+-C4H9, 100%), 160 (18%), 148 (12%), 130 
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 (13%), 104 (12%), 76 (11%). Elemental analysis: calculated for C20H18N2O6 (382.375): C 62.82, H 4.74, N 
7.33; found C 62.59, H 4.38, N 7.28. 
 
N-phthaloyl-phenylalanine pentafluorophenyl ester (Pht-Phe-OPfp, 11fI) 
Starting from L-N-phthaloyl-phenylalanine 10f (1.6 g, 5.6 mmol) using N,N-diisopropylcarbodiimide as 
coupling reagent and dichloromethane as solvent, compound 11fI was obtained as a white solid (1.3 g, 
89%) after column chromatography with hexane / ethyl acetate (9:1→4:1, v/v). 
Mp. 107-108.5°C. [ ] -139.8° (c=1, CHClD
23α 3). IR(KBr): ν 1810, 1780 (C=O, ester), 1715 (C=O, amide). 1H-
NMR (300 MHz, CDCl3): δ 3.61-3.75 (m, 2H, CH-CH2), 5.50 (dd, 3J=10.0 Hz and 6.5 Hz, 1H, CH-CH2), 
7.20 (br. s, 5H, arom. Hphenyl), 7.69-7.84 (m, 4H, arom. Hphthaloyl). 13C-NMR (75 MHz, CDCl3): δ 34.7 (CH-
CH2), 52.5 (CH-CH2), 123.7 (arom. C'ortho', phthaloyl), 127.2 (arom. Cpara, phenyl), 128.7 and 128.8 (arom. 
Cortho+meta, phenyl), 131.3 (arom. Ci, phthaloyl), 134.4 (arom. C'meta', phthaloyl), 135.6 (arom. Ci, phenyl), 
165.3 and 166.9 (C=O). Note: the C-F absorptions were not detected. GC-MS(EI): m/e 462 (M++1, 
pseudo CI-effect, 1%), 278 (18%), 250 (C8H4O2N-CH+-CH2-C6H5, 100%), 232 (36%), 104 (25%), 103 
(25%), 91 (C7H7+, 21%), 77 (C6H5+, 28%). Elemental analysis: calculated for C23H12F5NO4 (461.348): C 
59.88, H 2.62, N 3.04; found C 59.71, H 2.64, N 3.06. 
 
General procedure for the synthesis of chiral 1-acyloxy-1,3-buta dienes 12 from active esters 11 of N-
protected amino acids 
Method A: A solution of crotonic aldehyde (1.0 equiv.) in tetrahydrofuran (ca. 0.5 mL/mmol) was 
slowly added to a cooled (-78°C) solution of potassium tert-butoxide (1.0-1.1 equiv.) in 
tetrahydrofuran (ca. 1 mL/mmol). After formation of the yellow enolate a solution of the active ester 
11 (1.0-1.25 equiv, vide infra) in tetrahydrofuran (ca. 1.5 mL/mmol) was slowly added. After the 
addition was completed, the reaction mixture was slowly allowed to reach ambient temperature and 
stirring was continued for an additional period of 1 h. Then, the reaction mixture was poured into 
icewater and extracted 3 times with diethyl ether or ethyl acetate. The combined organic layers were 
successively washed twice with an aqueous solution of potassium carbonate (1N), (alternatively, an 
aqueous solution of sodium bicarbonate (1N) was used sometimes), and once with brine, dried over 
MgSO4, filtered and concentrated in vacuo. Finally, the crude product was purified using column 
chromatography. Note: the reaction was performed under an inert atmosphere of argon. 
Method B: A solution of crotonic aldehyde (1.0-1.1 equiv.) in tetrahydrofuran (ca. 5 mL/mmol) was 
slowly added to a cooled (-78°C) and stirred solution of potassium tert-butoxide (1.0 equiv.) in 
tetrahydrofuran (ca. 15 mL/mmol). The yellow enolate was kept at -78° and slowly added via an 
isolated canule to a cooled (-78°C) and stirred solution of the active ester 11 (1.0 equiv.) in 
tetrahydrofuran (ca. 10 mL/mmol). After the addition was completed the reaction mixture was slowly 
allowed to reach ambient temperature and stirring was continued for an additional period of 1 h. 
Then, the reaction mixture was poured into icewater and extracted three times with ethyl acetate. The 
combined organic layers were successively washed twice with an aqueous solution of potassium 
carbonate (1N) and once with brine, dried over MgSO4, filtered and concentrated in vacuo. Finally, 
the crude product was purified using column chromatography. Note: the reaction was performed in an 
inert atmosphere of argon. 
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 N-tert-Butoxycarbonyl-phenylglycine O-1,3-butadienyl ester (Boc-Phg-OBut, 12a1) 
Starting from DL-N-tert-butoxycarbonyl-phenylglycine pentafluorophenyl ester 11a1I (4.59 g, 11.0 mmol, 
1.1 equiv.) following method A, compound 12a1 was obtained as a white solid (2.95 g, 97%) after flash 
column chromatography with hexane / ethyl acetate (9:1, v/v). Ratio trans/cis = 80:20 (GLC). The 
product contained no impurities (NMR,GLC). 
Mp. 72-76°C. IR(KBr): ν 3415 (NH), 1750 (C=O, ester), 1715 (C=O, carbamate). 1H-NMR (300 MHz, 
CDCl3): δ 1.44 (s, 9H, C(CH3)3), 5.09 (d, 3J=10.2 Hz, 1H, -CH=CHtransHcis), 5.20 (d, 3J=16.7 Hz, 1H, 
CH=CHtransHcis), 5.37 (d, 3J=6.9 Hz, 1H, CH-NH), 5.54 (br. s, 1H, CH-NH), 6.03 (dd, 3J=11.6 and 11.6 Hz, 
1H, O-CH=CH-CH=CH2), 6.14-6.27 (m, 1H, O-CH=CH-CH=CH2), 7.32-7.36 (m, 6H, arom. H and O-
CH=CH-CH=CH2). 13C-NMR (25 MHz, CDCl3): δ 28.0 (q, C(CH3)3), 57.5 (d, CH-NH), 80.1 (s, C(CH3)3), 
117.0 (d, O-CH=CH-CH=CH2), 117.8 (t, O-CH=CH-CH=CH2), 127.1 (d, arom. Cortho), 128.5 (d, arom. Cpara), 
128.8 (d, arom. Cmeta), 130.8 (d, O-CH=CH-CH=CH2), 135.7 (arom.Ci), 138.2 (d, O-CH=CH-CH=CH2), 
154.5 (s, NH-C=O), 168.1 (s, C=Oester). MS(CI): m/e 304 (M++1, 19%), 248 (40%), 206 (C6H5-CH+-NH-
CO2C4H9, 33%), 204 (C6H5-CH(CO2C4H5)-NH3+, 16%), 178 (C6H5-CH(CO2H)-NH+=C=O, 44%), 150 (C6H5-
C+(NH2)-CO2H, 100%), 106 (C6H5-CH+-NH2, 78%), 70 (CH2=CH-CH=CH-OH+, 66%), 57 (C+(CH3)3, 
99%). Elemental analysis: calculated for C17H21NO4 (303.360): C 67.31, H 6.98, N 4.62; found C 63.36, H 
6.42, N 4.28. 
Starting from DL-N-tert-butoxycarbonyl-phenylglycine p-nitrophenyl ester 11a1II (0.68 g, 1.83 mmol, 1.15 
equiv.) following method A, compound 12a1 was obtained as a white solid (0.39 g, 80%) after column 
chromatography with hexane / ethyl acetate (6:1, v/v). Ratio trans/cis = 85:15 (GLC). The product 
contained no impurities (NMR,GLC). The melting point and spectroscopic date were identical to 
those described above. 
 
N-phthaloyl-phenylglycine O-1,3-butadienyl ester (Pht-Phg-OBut, 12a2) 
Starting from DL-N-phthaloyl-phenylglycine pentafluorophenyl ester 11a2I (1.79 g, 4.0 mmol, 1.0 equiv.) 
following method B, compound 12a2 was obtained as a white solid (0.47 g, 35%) after column 
chromatography with hexane / ethyl acetate (13:1, v/v). Ratio trans/cis = 87:13 (GLC). 
Mp. 46-52°C. IR(KBr): ν 1755 (C=O, ester), 1710 (C=O, carbamate). 1H-NMR (100 MHz, CDCl3): δ 5.01-
5.23 (m, 2H, -CH=CH2), 5.83-6.43 (m, 3H, O-CH=CH-CH=CH2 and CH-N), 7.08-7.86 (m, 10H, arom. H 
and O-CH=CH-CH=CH2). 13C-NMR (25 MHz, CDCl3): δ 55.6 (d, CH-NH), 117.5 (d, O-CH=CH-CH=CH2), 
118.2 (t, O-CH=CH-CH=CH2), 123.7 (d, arom. C'ortho', phthaloyl), 128.7 (d, arom. Cortho, phenyl), 128.9 (d, 
arom. Cpara, phenyl), 129.7 (d, arom. Cmeta, phenyl), 131.1 (d, O-CH=CH-CH=CH2), 131.7 (s, arom Ci, 
phthaloyl), 133.8 (s, arom.Ci, phenyl), 134.7 (d, arom. C'meta', phthaloyl), 138.5 (d, O-CH=CH-CH=CH2), 
165.3 (s, C=Oamide), 166.9 (s, C=Oester). GC-MS(EI): m/e 333 (M+, 1%), 236 (C6H5-CH+-NC8H4O2, 100%), 
130 (19%), 104 (7%), 77 (13%). 
 
N-tert-Butoxycarbonyl-proline O-1,3-butadienyl ester (Boc-Pro-OBut, 12b) 
Starting from DL-N-tert-butoxycarbonyl-proline pentafluorophenyl ester 11bI (2.29 g, 6.0 mmol, 1.2 
equiv.) following method A, compound 12b was obtained as a colorless syrup (1.25 g, 94%) after column 
chromatography with hexane / ethyl acetate (9:1→6:1, v/v) and another purification using column 
chromatography with hexane / ethyl acetate (2:1, v/v, + some drops of triethylamine). Ratio trans/cis = 
94:6 (GLC). The product contained 11bI (ca. 18%, GLC) and a trace of pentafluorophenol (ca. 2%, 
GLC). For spectroscopic data vide infra. 
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 Starting from L-N-tert-butoxycarbonyl-proline pentafluorophenyl ester 11bI (3.81 g, 10.0 mmol, 1.25 
equiv.) following method A, compound 12b was obtained as a colorless syrup (2.10 g, 98%) after column 
chromatography with hexane / ethyl acetate (9:1→6:1, v/v) Ratio trans/cis = 98:2 (GLC). The product 
contained 11bI (ca. 21%, GLC) and pentafluorophenol (ca. 6%, GLC). For spectroscopic data vide 
infra. 
Starting from L-N-tert-butoxycarbonyl-proline p-nitrophenyl ester 11bII (2.02 g, 6.0 mmol, 1.2 equiv.) 
following method A, compound 12b was obtained as a pale yellow syrup (0.87 g, 65%) after column 
chromatography with hexane / ethyl acetate (6:1, v/v). Ratio trans/cis = 88:12 (GLC). The product 
contained no impurities (NMR,GLC). Enantiomeric excess = 79%, determined by HPLC with hexane / 
dichloromethane (95:5, v/v).  
D
23[ ]α -56.1° (c=1, CHCl3). IR(CCl4): ν 1760 (C=O, ester), 1700 (C=O, carbamate). 1H-NMR (300 MHz, 
CDCl3): δ 1.32 and 1.38 (s, 9H, C(CH3)3), 1.78-2.24 (m, 4H, CH2-CH2-CH), 3.31-3.53 (m, 2H, CH2-N), 4.17-
4.31 (m, 1H, CH), 5.01 (d, 3J=10.2 Hz, 1H, -CH=CHtransHcis), 5.13 (d, 3J=16.5 Hz, 1H, CH=CHtransHcis), 6.05 
(dd, 3J=11.5 and 11.5 Hz, 1H, O-CH=CH-CH=CH2), 6.14-6.27 (m, 1H, O-CH=CH-CH=CH2), 7.36 (d, 
3J=12.2 Hz, O-CH=CH-CH=CH2). 13C-NMR (25 MHz, CDCl3): δ 23.4 and 24.0 (t, CH2-CH2-CH), 27.9 (q, 
C(CH3)3), 29.5 and 30.5 (t, CH2-CH), 46.0 and 46.2 (t, CH2-N), 58.3 and 58.7 (d, CH-N), 79.6 and 79.8 (s, 
C(CH3)3), 116.2 and 116.4 (d, O-CH=CH-CH=CH2), 116.9 and 117.3 (t, O-CH=CH-CH=CH2), 131.1 (d, O-
CH=CH-CH=CH2), 138.1 and 138.5 (d, O-CH=CH-CH=CH2), 153.3 and 154.1 (s, N-C=O), 169.7 and 169.9 
(s, C=Oester). Note: some absorptions in the NMR-spectra were doubled due to the occurence of two 
conformers of 12b on the NMR time scale. MS(CI): m/e 268 (M++1, 16%), 212 (m/e 70 + m/e 142, 35%), 
170 (C4H7N+-CO2C(CH3)3, 26%), 166 (C4H7N+-CO2CH=CH-CH=CH2, 19%), 142 (18%), 114 (C4H7N+-CO2H, 
69%), 70 (CH2=CH-CH=CH-OH+ and/or C4H8N+, 100%). HR-MS(EI): m/e calculated for C14H21NO4: 
267.14706 amu; found: 267.14715±0.00097 amu. 
Starting from L-N-tert-butoxycarbonyl-proline p-nitrophenyl ester 11bII (1.68 g, 5.0 mmol, 1.0 equiv.) 
following method B, compound 12b was obtained as a colorless syrup (1.01 g, 76%) after column 
chromatography with hexane / ethyl acetate (6:1, v/v). Ratio trans/cis = 98:2 (GLC). The product 
contained no impurities (NMR,GLC). Enantiomeric excess >99%, determined by HPLC with hexane / 
2-propanol (99:1, v/v). 
D
20[ ]α -62.4° (c=1, CHCl3). All spectroscopic data were in agreement with those described above. 
Starting from L-N-tert-butoxycarbonyl-proline N-hydroxysuccinimide ester 11bIII (4.68 g, 15.0 mmol, 1.2 
equiv.) following method A, compound 12b was obtained as a colorless syrup (1.30 g, 39%) after column 
chromatography with hexane / ethyl acetate (6:1, v/v). Ratio trans/cis = 85:15 (GLC). The product 
contained no impurities (NMR,GLC). 
All spectroscopic data were in agreement with those described above. 
 
N-tert-Butoxycarbonyl-indoline-2-carboxylic acid O-1,3-butadienyl ester (Boc-Ica-OBut, 12c) 
Starting from DL-N-tert-butoxycarbonyl-indoline-2-carboxylic acid pentafluorophenyl ester 11cI (0.58 g, 
1.35 mmol, 1.0 equiv.) following method B, compound 12c was obtained as a pale yellow syrup (0.27 g, 
64%) after column chromatography with hexane / ethyl acetate (19:1, v/v). Ratio trans/cis = 97:3 (GLC). 
The product contained no impurities (GLC). For spectroscopic data vide infra. 
Starting from L-N-tert-butoxycarbonyl-indoline-2-carboxylic acid pentafluorophenyl ester 11cI (1.72 g, 
4.0 mmol, 1.00 equiv.) following method A, compound 12c was obtained as a colorless syrup (1.11 g, 88%) 
after flash column chromatography with hexane / ethyl acetate (9:1, v/v). Ratio trans/cis = 96:4 (GLC). 
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 The product contained some 11cI (ca. 5%, GLC) and a trace of pentafluorophenol (ca. 5%, GLC). For 
spectroscopic data vide infra. 
Starting from L-N-tert-butoxycarbonyl-indoline-2-carboxylic acid p-nitrophenyl ester 11cII (2.0 g, 5.2 
mmol, 1.0 equiv.) following method A, compound 12c was obtained as a pale yellow syrup (0.90 g, 55%) 
after flash column chromatography with hexane / ethyl acetate (20:1, v/v). Ratio trans/cis = 92:8 (GLC). 
The product contained a trace 11cI (ca. 3%, GLC). Enantiomeric excess = 91%, determined by HPLC 
with hexane / dichloromethane (95:5, v/v). 
D
23[ ]α -73.6° (c=1, CHCl3). IR(CCl4):  1770 (C=O, ester), 1715 (C=O, carbamate). 1H-NMR (300 MHz, 
CDCl3): δ 1.48 and 1.60 (s, 9H, C(CH3)3), 3.16 (A of ABX, dd, 2JAB=16.6 Hz, 3JAX=4.8 Hz, 1H, -CHAHB-CHX-
), 3.54 (B of ABX, dd, 2JBA=16.6 Hz, 3JBC=11.5 Hz, 1H, -CHAHB-CHX-), 4.90-4.93 (X of ABX, m, 1H, CHAHB-
CHX), 5.11 (d, 3J=10.0 Hz, 1H, -CH=CHtransHcis), 5.22 (d, 3J=16.7 Hz, 1H, CH=CHtransHcis), 6.08 (dd, 
3J=11.0 and 11.0 Hz, 1H, O-CH=CH-CH=CH2), 6.24-6.33 (m, 1H, O-CH=CH-CH=CH2), 6.93-7.92 (m, 4H, 
arom. H), 7.43 (d, 3J=12.2 Hz, O-CH=CH-CH=CH2). 13C-NMR (25 MHz, CDCl3): δ 28.2 (q, C(CH3)3), 32.3 
(t, CH2-CH), 60.1 (d, CH-N), 81.7 (s, C(CH3)3), 117.0 (d, O-CH=CH-CH=CH2), 117.9 (t, O-CH=CH-
CH=CH2), 114.6, 122.7, 124.4 and 128.0 (d, arom. C), 127.5 (s, arom. Ci-CH ), 131.3 (d, O-CH=CH-
CH=CH2), 138.3 (d, O-CH=CH-CH=CH2), 142.3 (s, arom. Ci-N), 151.9 (s, N-C=O), 168.9 (s, C=Oester). 
Note: some absorptions in the NMR-spectra were doubled due to the occurence of two conformers of 12c 
on the NMR time scale. MS(CI): m/e 316 (M++1, 1%), 260 (m/e 70 + m/e 190, 13%), 246 
(C8H7N(C≡O+)CO2C(CH3)3, 11%), 216 (23%), 190 (C8H7N(C≡O+)CO2H, 20%), 162 (C8H8N-CO2+, 35%), 126 
(20%), 118 (C8H8N+, 100%), 117 (C8H7N+, 30%), 70 (CH2=CH-CH=CH-OH+, 33%), 57 (+C(CH3)3, 72%), 41 
(40%).  
Starting from L-N-tert-butoxycarbonyl-indoline-2-carboxylic acid p-nitrophenyl ester 11cII (1.54 g, 4.0 
mmol, 1.0 equiv.) following method B, compound 12c was obtained as a colorless syrup (0.84 g, 67%) 
after column chromatography with hexane / ethyl acetate (19:1, v/v). Ratio trans/cis = 97:3 (GLC). The 
product contained no impurities (NMR,GLC). Enantiomeric excess >99%, determined by HPLC with 
hexane / 2-propanol (99:1, v/v). 
D
20[ ]α -89.0° (c=1, CHCl3). All other spectroscopic data were in agreement with those of 11c described 
above. 
 
N-phthaloyl-alanine O-1,3-butadienyl ester (Pht-Ala-OBut, 12d) 
Starting from DL-N-phthaloyl-alanine pentafluorophenyl ester 11dI (4.62 g, 12.0 mmol, 1.0 equiv.) 
following method A, compound 12d was obtained as a white solid (2.85 g, 88%) after column 
chromatography with hexane / ethyl acetate (9:1→4:1, v/v). Recrystallization from diisopropyl ether 
afforded an analytically pure sample of 12d. Ratio trans/cis = 93:7 (GLC). For analytical data vide 
infra. 
Starting from L-N-phthaloyl-alanine pentafluorophenyl ester 11dI (9.63 g, 25.0 mmol, 1.0 equiv.) 
following method A, compound 12d was obtained as a white solid (6.05 g, 89%) after column 
chromatography with hexane / ethyl acetate (6:1→4:1, v/v). Recrystallization from diisopropyl ether 
afforded an analytically pure sample of 12d. Ratio trans/cis = 96:4 (GLC). Enantiomeric excess = 0%, 
determined by HPLC with hexane / dichloromethane (99:1, v/v). 
Mp. 112-113.5°C. [ ] 0° (c=1, CHClD
23α 3). IR(KBr): ν 1760 (C=O, ester), 1700 (C=O, amide). 1H-NMR (300 
MHz, CDCl3): δ 1.74 (d, 3J=7.3 Hz, 3H, CH-CH3), 5.07 (q, 3J=7.3 Hz, 1H, CH-CH3), 5.10 (d, 3J=10.2 
Hz, 1H, CH=CHcisHtrans), 5.19 (d, 3J=16.8 Hz, 1H, CH=CHcisHtrans), 6.02 (dd, 3J=11.5 en 11.5 Hz, 1H, O-
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 CH=CH-CH=CH2), 6.19-6.32 (m, 1H, O-CH=CH-CH=CH2), 7.38 (d, 3J=12.3 Hz, 1H, O-CH=CH-
CH=CH2), 7.75-7.90 (m, 4H, arom. H.). 13C-NMR (300 MHz, CDCl3): δ 15.1 (CH-CH3), 47.2 (CH-CH3), 
117.2 (O-CH=CH-CH=CH2), 118.0 (O-CH=CH-CH=CH2), 123.6 (arom. C'ortho'), 131.2 (O-CH=CH-
CH=CH2), 131.8 (arom. Ci), 134.3 (arom. C'meta'), 138.5 (O-C=CH-CH=CH2), 166.9 and 167.2 (C=O). 
GC-MS(EI): m/e 272 (M++1 'pseudo-CI effect', 1%), 174 (C8H4O2N-CH+-CH3, 100%), 147 (17%), 130 
(13%), 76 (10%), 39 (17%). Elemental analysis: calculated for C15H13NO4 (271.254): C 66.42, H 4.83, N 
5.16; found C 66.42, H 4.67, N 4.99. 
Starting from L-N-phthaloyl-alanine pentafluorophenyl ester 11dI (1.54 g, 4.0 mmol, 1.0 equiv.) following 
method B, compound 12d was obtained as a white solid (0.92 g, 85%) after column chromatography with 
hexane / ethyl acetate (6:1, v/v). Recrystallization from diisopropyl ether afforded an analytically pure 
sample of 12d. Ratio trans/cis = 91:9 (GLC). Enantiomeric excess = 89%, determined by HPLC with 
hexane / dichloromethane (99:1, v/v). [ ] -29.8° (c=1, CHClD
23α 3). All other analyses were in agreement 
with those of 12d described above.  
 
N-phthaloyl-tert-butylleucine O-1,3-butadienyl ester (Pht-t-Leu-OBut, 12e) 
Starting from L-N-phthaloyl-tert-butylleucine pentafluorophenyl ester 11eI (5.0 g, 11.7 mmol, 1.0 equiv.) 
following method A, compound 12e was obtained as a viscous colorless oil (2.4 g, 76%) after column 
chromatography with hexane / ethyl acetate (9:1→4:1, v/v). Ratio trans/cis = 95:5 (GLC). The product 
contained no impurities (GLC). Enantiomeric excess = 35%, determined by HPLC with hexane / 2-
propanol (80:20, v/v). Note: compound 12e was very sensitive towards polymerization. 
IR(CCl4): ν 1780 (C=O, ester), 1720 (C=O, amide). 1H-NMR (300 MHz, CDCl3): δ 1.19 (s, 9H, CH-
C(CH3)3), 4.71 (s, 1H, CH-C(CH3)3), 5.05 (d, 3J=10.3 Hz, 1H, CH=CHcisHtrans), 5.13 (d, 3J=16.9 Hz, 1H, 
CH=CHcisHtrans), 5.89 (dd, 3J=11.7 and 11.7 Hz, 1H, O-CH=CH-CH=CH2), 6.17-6.29 (m, 1H, O-
CH=CH-CH=CH2), 7.35 (d, 3J=12.3 Hz, O-CH=CH-CH=CH2), 7.75-7.91 (m, 4H, arom. H). 13C-NMR 
(CDCl3): δ 27.7 (q, C(CH3)3), 36.0 (s, C(CH3)3), 59.4 (d, CH), 116.8 (d, O-CH=CH-CH=CH2), 117.5 (t, 
O-CH=CH-CH=CH2), 123.7 (d, arom. C'ortho'), 131.4 (d, O-CH=CH-CH=CH2), 131.6 (s, arom. Ci), 134.3 
(d, arom. C'meta'), 138.4 (d, O-CH=CH-CH=CH2), 164.6 and 167.8 (C=O). GC-MS(EI): m/e 314 (M++1 
'pseudo-CI effect', 1%), 216 (C8H4O2N-CH+-C4H9, 100%), 160 (C8H4O2N-CH2+, 31%), 148 (22%), 130 
(19%), 104 (13%), 76 (15%), 41 (37%), 39 (27%). 
Starting from L-N-phthaloyl-tert-butylleucine pentafluorophenyl ester 11eI (0.60 g, 1.4 mmol, 1.0 equiv.) 
following method B, compound 12e was obtained as a viscous colorless oil (0.41 g, 93%) after column 
chromatography with hexane / ethyl acetate (9:1, v/v). Ratio trans/cis = 97:3 (GLC). The product 
contained no impurities (GLC). Enantiomeric excess = 61%, determined by HPLC with hexane / 2-
propanol (90:10, v/v). 
D
20[ ]α -51.7° (c=1, CHCl3). All other analyses were in agreement with those of 12e described above.  
Starting from DL-N-phthaloyl-tert-butylleucine p-nitrophenyl ester 11eII (0.50 g, 1.3 mmol, 1.00 equiv.) 
following method B, compound 12e was obtained as a viscous colorless oil (0.29 g, 71%) after column 
chromatography with hexane / ethyl acetate (9:1, v/v). Ratio trans/cis = 97:3 (GLC). All spectroscopic 
data were in agreement with those of 12e described above. 
Starting from L-N-phthaloyl-tert-butylleucine p-nitrophenyl ester 11eII (0.77 g, 2.0 mmol, 1.0 equiv.) 
following method B, compound 12e was obtained as a viscous colorless oil (0.45 g, 72%) after column 
chromatography with hexane / ethyl acetate (9:1, v/v). The product contained no impurities (GLC). 
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 Ratio trans/cis = 96:4 (GLC). Enantiomeric excess = 58%, determined by HPLC with hexane / 2-
propanol (90:10, v/v). 
D
20[ ]α -49.4° (c=1, CHCl3). All other analyses were in agreement with those of 12e described above. 
 
N-phthaloyl-phenylalanine O-1,3-butadienyl ester (Pht-Phe-OBut, 12f) 
Starting from L-N-phthaloyl-phenylalanine pentafluorophenyl ester 11fI (1.84 g, 4.0 mmol, 1.0 equiv.) 
following method A, compound 12f was obtained as a white solid (1.20 g, 86%) after flash column 
chromatography with hexane / ethyl acetate (9:1→4:1, v/v). Recrystallization from diisopropyl ether 
afforded an analytically pure sample of 12f. Ratio trans/cis = 94:6 (GLC). Enantiomeric excess (e.e.) 
87%, determined by HPLC with hexane / 2-propanol (80:20, v/v). 
Mp. 78-82°C. [ ] -140.4° (c=1, CHClD
23α 3). IR(KBr): ν 1780 (C=O, ester), 1715 (C=O, amide). 1H-NMR 
(300 MHz, CDCl3): δ 3.50-3.66 (m, 2H, CH-CH2), 5.11 (d, 3J=10.4 Hz, 1H, CH=CHcisHtrans), 5.20 (d, 
3J=17.3 Hz, 1H, CH=CHcisHtrans), 5.24 (dd, 3J=10.9 and 5.6 Hz, 1H, CH-CH2), 6.03 (dd, 3J=11.6 and 
11.6 Hz, 1H, O-CH=CH-CH=CH2), 6.20-6.33 (m, 1H, O-CH=CH-CH=CH2), 7.17 (br. s, 5H, arom. H, 
phenyl), 7.41 (d, 3J=12.2 Hz, O-CH=CH-CH=CH2), 7.67-7.81 (m, 4H, arom. H phthaloyl). 13C-NMR 
(300 MHz, CDCl3): δ 34.5 (CH-CH2), 53.0 (CH-CH2), 117.4 (O-CH=CH-CH=CH2), 118.1 (O-CH=CH-
CH=CH2), 123.6 (arom. C'ortho', phthaloyl), 127.0 (arom. Cpara, phenyl), 128.6 (arom. Cortho, phenyl), 
128.8 (arom. Cmeta, phenyl), 131.2 (O-CH=CH-CH=CH2), 131.4 (arom. Ci, phthaloyl), 134.2 (arom. 
C'meta', phthaloyl), 136.2 (arom. Ci, phenyl), 138.4 (O-CH=CH-CH=CH2), 166.0 and 167.2 (C=O). GC-
MS(EI): m/e 348 (M++1 'pseudo-CI effect', 4%), 278 (15%), 250 (C8H4O2N-CH+-CH2C6H5, 100%), 232 
(32%), 130 (14%), 103 (18%), 76 (6%), 39 (19%). Elemental analysis: calculated for C21H17NO4 (271.254): 
C 72.61, H 4.93, N 4.03; found C 71.03, H 4.85, N 3.89. 
 
General procedure of the Diels-Alder reaction of chiral 1-acyloxy-1,3-butadienes 12 with N-
ethylmaleimide 
The diene 12 was dissolved in dichloromethane (ca. 10 mL/mmol) and N-ethylmaleimide (2.0 equiv.) 
was added in one portion. After stirring for the indicated time (Table 4.8) at ambient temperature the 
reaction mixture was concentrated in vacuo. The resulting crude product 13 was purified using 
column chromatography. 
 
Cycloaddition of 12a with N-ethylmaleimide; synthesis of cycloadducts 13aI and 13aII 
Starting from DL-Boc-Phg-OBut 12a (123 mg, 0.40 mmol) a mixture of diastereoisomers 13aI and 
13aII was obtained as a yellowish oil (125 mg, 73%) after column chromatography with hexane / ethyl 
acetate (4:1, v/v). Diastereomeric excess = 28%, determined by 1H-NMR (δ 0.94 : δ 1.22 = 36:64). 
1H-NMR (300 MHz, CDCl3): δ 0.94 (t, 3J=7.2 Hz, 3H, CH2CH3, A), 1.22 (t, 3J=7.2 Hz, 3H, CH2CH3, 
B), 1.41 (br. s, 18H, C(CH3)3, A+B), 1.71-1.81 (m, 1H, CH-CHAHB-CH, B), 2.19-2.29 (m, 1H, CH-
CHAHB-CH, B), 2.50-2.53 (m, 2H, CH-CH2-CH, A), 2.92-3.27 (m, 4H, CH2CH3 (A) and CH=CH-CH2-
CH (A+B)), 3.13 (dd, 3J=8.1 Hz and 5.3 Hz, 1H, C(=O)CH-CH-OC(=O), B), 3.17 (dd, 3J=8.2 Hz and 
5.3 Hz, 1H, C(=O)CH-CH-OC(=O), A), 3.58 (q, 3J=7.2 Hz, 2H, CH2CH3, B), 5.16-5.23 (m, 2H, NH-CH, 
A+B), 5.43 (dd, 3J=5.1 Hz and 5.1 Hz, 1H, C(=O)O-CH, B), 5.43 (dd, 3J=4.8 Hz and 4.8 Hz, 1H, 
C(=O)O-CH, A), 5.57-5.65 (m, 2H, NH-CH, A+B), 5.87-5.94 and 6.02-6.06 (m, 2H, CH=CH, B), 
6.09-6.19 (m, 2H, CH=CH, A). Note: isomer A (minor) and B (major) are choosen arbitrary to 
represent either cycloadduct 13aI or 13aII. 
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 Cycloaddition of 12b with N-ethylmaleimide; synthesis of cycloadducts 13bI and 13bII 
Starting from DL-Boc-Pro-OBut 12b (235 mg, 0.88 mmol) a mixture of diastereoisomers 13bI and 
13bII was obtained as a colorless oil (230 mg, 69%) after column chromatography with hexane / ethyl 
acetate (3:1→1:1, v/v). Diastereomeric excess  = 30%, determined by HPLC with acetonitrile / water 
(40:60, v/v). 
1H-NMR (100 MHz, CDCl3), mixture: δ 1.01-1.16 (m, 3J=7.2 Hz, 3H, CH2CH3), 1.31 (br. s, 9H, 
C(CH3)3), 1.81-2.50 (m, 6H, CH-CH2-CH and CH2-CH2), 2.94-3.67 (m, 6H, CH-CH-CH-CH2, N-CH2-
CH2 and CH2CH3), 4.01-4.27 (m, 1H, N-CH), 5.35-5.40 (m, 2H, C(=O)O-CH), 5.96-6.05 (m, 2H, 
CH=CH). 
 
Cycloaddition of 12c with N-ethylmaleimide; synthesis of cycloadducts 13cI and 13cII 
Starting from DL-Boc-Ica-OBut 12c (296 mg, 0.94 mmol) a mixture of diastereoisomers 13cI and 
13cII was obtained as a colorless oil / foam (360 mg, 87%) after column chromatography with hexane 
/ ethyl acetate (4:1→2:1, v/v). Diastereomeric excess = 43%, determined by HPLC with acetonitrile / 
water (50:50, v/v).  
1H-NMR (100 MHz, CDCl3): δ 0.88 (t, 3J=7.2 Hz, 3H, CH2CH3, A), 1.06 (t, 3J=7.2 Hz, 3H, CH2CH3, 
B), 1.39 (br. s, 18H, C(CH3)3, A+B), 1.94-2.40 (m, 4H, CH-CH2-CH, A+B), 2.81-3.55 (m, 12H, CH-
CH-CH-CH2, N-CH-CH2 and CH2CH3, A+B), 4.63-4.75 (m, 2H, N-CH, A+B), 5.31-5.40 (m, 2H, 
C(=O)O-CH, A+B), 6.03 (br. s, 4H, CH=CH, A+B), 6.67-7.37 (m, 8H. arom. H, A+B). Note: isomer A 
(minor) and B (major) are choosen arbitrary to represent either cycloadduct 13cI or 13cII. 13C-NMR 
(25 MHz, CDCl3), major isomer: δ 13.2 (q, CH2CH3), 22.4 (t, CH-CH2-CH), 26.3 (q, C(CH3)3), 32.1 and 
33.9 (t, CH2CH3 and N-CH-CH2), 36.6 and 43.0 (d, CH2-CH-CH-CH), 60.0 (d, N-CH), 66.5 (d, C(=O)-
O-CH), 81.5 (s, C(CH3)3), 114.5, 122.7, 124.5, 127.1, 127.9 and 131.5 (d, CH=CH and arom. C'orttho+meta'), 
129.0 (s, arom. Ci-CiN), 142.4 (s, arom. Ci-CiN), 152.0 (s, C=O, carbamate), 170.7, 175.0 and 176.7 (s, 
C=O, ester and amide). 13C-NMR (25 MHz, CDCl3), minor isomer, some characteristic absorptions: δ 
12.9 (q, CH2CH3), 22.6 (t, CH-CH2-CH), 26.3 (q, C(CH3)3), 37.2 and 42.5 (d, CH2-CH-CH-CH), 60.4 
(d, N-CH), 67.2 (d, C(=O)-O-CH), 170.3, 174.7 and 176.7 (s, C=O, ester and amide). Note: δ 170.3 : δ 
170.7 = 27:63 (d.e. 46%). 
 
Cycloaddition of 12d with N-ethylmaleimide; synthesis of cycloadducts 13dI and 13dII 
Starting from L-Pht-Ala-OBut 12d (135 mg, 0.50 mmol) a mixture of diastereoisomers 13dI and 
13dII was obtained as a colorless oil (158 mg, 80%) after column chromatography with hexane / ethyl 
acetate (3:1→1:1, v/v). Diastereomeric excess  = 32%, determined by HPLC with acetonitrile / water 
(40:60, v/v).  
1H-NMR (100 MHz, CDCl3), mixture: δ 0.98-1.66 (m, 6H, CH2CH3 and CHCH3), 1.94-2.40 (m, 2H, 
CH-CH2-CH), 2.90-3.67 (m, 4H, CH-CH-CH-CH2 and CH2CH3), 4.83-5.11 (m, 1H, N-CH), 5.48-5.54 
(m, 1H, C(=O)O-CH), 6.07-6.15 (m, 2H, CH=CH), 7.70-7.93 (m, 4H. arom. H). 
 
Cycloaddition of 12e with N-ethylmaleimide; synthesis of cycloadducts 13eI and 13eII 
Starting from L-Pht-t-Leu-OBut 12e (460 mg, 1.47 mmol) a mixture of diastereoisomers 13eI and 
13eII was obtained as a colorless oil (0.5 g, 78%) after column chromatography with hexane / ethyl 
acetate (4:1→2:1, v/v). Diastereomeric excess = 26%, determined by 1H-NMR (δ 4.57 :δ 4.67 = 63:37). 
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 1H-NMR (300 MHz, CDCl3): δ 0.98 (t, 3J=7.2 Hz, 3H, CH2CH3, A), 1.01 (t, 3J=7.2 Hz, 3H, CH2CH3, B), 
1.15 (br. s, 18H, C(CH3)3, A+B), 2.15-2.68 (m, 4H, CH-CH2-CH, A+B), 2.92-3.42 (m, 8H, CH-CH-CH-
CH2 and CH2CH3, A+B), 4.57 (s, 1H, N-CH, B), 4.67 (s, 1H, N-CH, A), 5.42-5.45 (m, 1H, C(=O)O-CH, 
B), 5.55 (dd, 3J=5.9 Hz and 4.2 Hz, 1H, C(=O)O-CH, A), 5.97-6.14 (m, 4H, CH=CH, A+B), 7.73-7.89 
(m, 4H, arom. H). Note: isomer A (minor) and B (major) are choosen arbitrary to represent either 
cycloadduct 13eI or 13eII.  
 
Cycloaddition of 12f with N-ethylmaleimide; synthesis of cycloadducts 13fI and 13fII 
Starting from L-Pht-Phe-OBut 12f (87 mg, 0.25 mmol) a mixture of diastereoisomers 13fI and 13fII 
was obtained as a colorless oil (82 mg, 69%) after column chromatography with hexane / ethyl acetate 
(2:1, v/v). Diastereomeric excess = 9%, determined by HPLC with acetonitrile / water (45:55, v/v). 
1H-NMR (100 MHz, CDCl3), mixture: δ 0.96-1.33 (m, 3H, CH2CH3), 2.04-2.54 (m, 2H, CH-CH2-CH), 
2.88-3.55 (m, 6H, CH-CH-CH-CH2, CH2C6H5 and CH2CH3), 5.03-5.26 (m, 1H, N-CH), 5.50-5.65 (m, 
1H, C(=O)O-CH), 6.08-6.15 (m, 2H, CH=CH), 7.14 (br. s, 5H, arom. H, phenyl), 7.70-7.93 (m, 4H. 
arom. H, phthaloyl). 
 
General procedure for the Diels-Alder reaction of chiral 1-acyloxy-1,3-butadienes 8 and 12 with α-
oxo sulfines 1 
α-Oxo sulfine 1 was dissolved in dichloromethane (ca. 2 mL/mmol) and the diene 8 or 12 (0.2-1.2 
equiv, vide infra) was added in one portion. After stirring for the indicated time (Table 4.9) at 
ambient temperature the reaction mixture was concentrated in vacuo. The resulting crude product 
was purified using column chromatography. 
 
Cycloaddition of diene 8a with α-oxo sulfine 1e; synthesis of cycloadducts 14a and 15a 
Starting from bis(methoxycarbonyl) sulfine 1e (712 mg, 4.0 mmol) and Trost's diene R(-)-8a (436 mg, 
2.0 mmol), a diastereomeric mixture of compounds 14a ('slow moving') was obtained as a yellowish 
oil (497 mg, 63%) and a diastereomeric mixture of compounds 15a ('fast moving') was obtained as a 
yellowish oil (216 mg, 27%) after column chromatography with hexane / ethyl acetate (3:1→0:1, v/v). 
Compounds 14a: 1H-NMR (100 MHz, CDCl3): all absorptions of the cycloadducts 14a were present. 
Some characteristic absorptions: δ 3.35, 3.37 and 3.40 (s, mixed-up, 3H, CH-OCH3), 4.72, 4.75 and 
4.78 (s, mixed-up, 1H, CH-OCH3), 5.74-6.31 (m, 3H, CH=CH and O-CH-CH=CH), 7.28-7.46 (m, 5H, 
arom. H). Due to the complexity of the signals of mixture, which consists of at least 3 
diastereoisomers, the endo-selectivity and diastereoselectivity of the cycloaddition reaction could not 
be determined. 13C-NMR (25 MHz, CDCl3): all absorptions of the cycloadducts 14a were present. The 
signals at δ 45.0, 45.5 and 47.8 (t, C-CH2-S=O) are characteristic absorptions for regioisomer 14a. 
Compounds 15a: 1H-NMR (100 MHz, CDCl3): all absorptions of the cycloadducts 15a were present. 
Some characteristic absorptions: δ3.42, 3.44, 3.46 and 3.47 (s, mixed-up, 3H, CH-OCH3). 3.79-3.87 (s, 
6 signals mixed-up, 6H, C(CO2CH3)2). Due to the complexity of the signals of mixture, which consists 
of 4 diastereoisomers, the endo-selectivity and diastereoselectivity of the cycloaddition reaction could 
not be determined. 13C-NMR (25 MHz, CDCl3): all absorptions of the cycloadducts 15a were present. 
The signals at δ 22.2, 23.3 and 25.5 (t, C-CH2-C) are characteristic absorptions for regioisomer 15a. 
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 Cycloaddition of diene 8d with α-oxo sulfine 1e; synthesis of cycloadducts 14b and 15b 
Starting from bis(methoxycarbonyl) sulfine 1e (2.67 g, 15.0 mmol) and diene rac-8d (2.02 g, 10.0 
mmol), a diastereomeric mixture of compounds 14b ('slow moving') was obtained as a yellowish oil 
(2.8 g, 74%) and a diastereomeric mixture of compounds 15b ('fast moving') was obtained as a 
yellowish oil (0.7 g, 18%) after flash column chromatography with hexane / ethyl acetate (3:1→1:1, 
v/v). 
Compounds 14b: 1H-NMR (300 MHz, CDCl3): δ 1.46-1.52 (m, 3H, CH-CH3), 3.21-3.31 (m, 1H, C-
CHAHB-C), 3.60-3.96 (m, 8H, C-CHAHB-C, CH-CH3 and C(CO2CH3)2), 5.70-6.09 (m, 3H, CH=CH-CH-
S=O), 7.23-7.35 (m, 5H, arom. H). Due to the complexity of the signals of mixture, which consists of 4 
diastereoisomers, the endo-selectivity and diastereoselectivity of the cycloaddition reaction could not 
be determined. 13C-NMR (75 MHz, CDCl3): all absorptions of the cycloadducts 14b were present. 
Some characteristic absorptions: δ 18.1, 18.3, 18.4 and 18.5 (CH-CH3), 45.3, 45.4, 47.6 and 47.7 (C-
CH2-S=O), 65.2, 65.4, 68.6 and 69.1 (O-CH-C). 
Compounds 15b: 1H-NMR (300 MHz, CDCl3): δ 1.52-1.59 (m, 3H, CH-CH3), 2.88-3.04 (m, 2H, C-
CH2-C), 3.79-3.95 (m, 7H, CH-CH3 and C(CO2CH3)2), 5.29-6.17 (m, 3H, CH=CH-CH-S=O), 7.24-7.35 
(m, 5H, arom. H). Due to the complexity of the signals of mixture, which consists of 4 
diastereoisomers, the endo-selectivity and diastereoselectivity of the cycloaddition reaction could not 
be determined. 13C-NMR (75 MHz, CDCl3): all absorptions of the cycloadducts 15b were present. 
Some characteristic absorptions: δ 18.1, 18.4, 18.6 and 19.2 (CH-CH3), 21.9, 22.0 and 23.2 (C-CH2-C), 
80.0, 80.1, 81.5 and 82.1 (O-CH-S=O).  
 
Cycloaddition of diene 12a with α-oxo sulfine 1e; synthesis of cycloadducts 14c and 15c 
Starting from bis(methoxycarbonyl) sulfine 1e (445 mg, 2.5 mmol) and DL-Boc-Phg-OBut 12a (152 
mg, 0.5 mmol), a mixture of regioisomeric compounds 14c and 15c was obtained as a yellow oil in a 
single fraction (204 mg, 85%) after column chromatography with hexane / ethyl acetate (3:1→0:1, 
v/v). 
1H-NMR (300 MHz, CDCl3) and 13C-NMR (25 MHz, CDCl3): all absorptions of the cycloadducts 
14c/15c were present, but signals of the fraction were too complex to adjudge them to 14c/15c, 
because the fraction consists of 2 regioisomers which in turn consist of a mixture of endo and exo 
isomers (I/II) which again can consist of 2 diastereoisomers. Therefore the regioselectivity, the endo-
selectivity and the diastereoselectivity could not be determined.  
 
Cycloaddition of diene 12b with α-oxo sulfine 1e; synthesis of cycloadducts 14d and 15d 
Starting from bis(methoxycarbonyl) sulfine 1e (267 mg, 1.5 mmol) and L-Boc-Pro-OBut 12b (134 mg, 
0.5 mmol), a diastereomeric mixture of compounds 14d ('slow moving') was obtained as a yellow oil 
(107 mg, 48%) and a diastereomeric mixture of compounds 15d ('fast moving') was obtained as a 
yellow oil (32 mg, 14%) after column chromatography with hexane / ethyl acetate (3:1→0:1, v/v). 
Compounds 14d: 1H-NMR (100 MHz, CDCl3): δ 1.42-1.45 (m, 9H, C(CH3)3), 1.59-2.35 (m, 4H, N-CH2-
CH2-CH2), 3.38-3.61 (m, 4H, N-CH2 and C-CH2-S=O), 3.81-3.90 (m, 6H, C(CO2CH3)2), 4.21-4.32 (m, 
1H, N-CH), 5.68-6.27 (m, 3H, CH=CH and OCH). Due to the complexity of the signals of mixture, 
which consists of at maximum 4 diastereoisomers, the endo-selectivity and diastereoselectivity of the 
cycloaddition reaction could not be determined. 
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 Compounds 15d: 1H-NMR (100 MHz, CDCl3): δ 1.42-1.45 (m, 9H, C(CH3)3), 1.80-2.38 (m, 4H, N-
CH2-CH2-CH2), 3.00 (br. s, 2H, C-CH2-C), 3.30-3.70 (m, 2H, N-CH2), 3.77-3.89 (m, 6H, C(CO2CH3)2), 
4.30-4.52 (m, 1H, N-CH), 5.40-5.65 (m, 1H, CH=CH), 6.08-6.30 (m, 2H, CH=CH and OCH). Due to 
the complexity of the signals of mixture, which consists of at maximum 4 diastereoisomers, the endo-
selectivity and diastereoselectivity of the cycloaddition reaction could not be determined. 
Cycloaddition of diene 12c with α-oxo sulfine 1e; synthesis of cycloadducts 14e and 15e 
Starting from bis(methoxycarbonyl) sulfine 1e (0.89 g, 5.0 mmol) and L-Boc-Ica-OBut 12c (0.52 mg, 
1.66 mmol), a diastereomeric mixture of compounds 14e ('slow moving') was obtained as a yellowish 
oil (0.62 g, 76%) and a diastereomeric mixture of compounds 15e ('fast moving') was obtained as a 
yellowish oil (0.11 g, 13%) after column chromatography with hexane / ethyl acetate (3:1→1:1, v/v). 
Compounds 14e: 1H-NMR (100 MHz, CDCl3): all absorptions of the cycloadducts 14e were present, 
but signals of the fraction were too complex to be assigned, because the fraction consists consists of a 
mixture of endo and exo isomers (I/II) which in turn can consist of 2 diastereoisomers. Therefore, the 
endo-selectivity and the diastereoselectivity of the cycloaddition reaction could not be determined. 
13C-NMR (25 MHz, CDCl3): all absorptions of the cycloadducts 14e were present; characteristic 
absorptions of regioisomers 14e around δ 45 (at least 2 signals, t, C-CH2-S=O). 
Compounds 15e: 1H-NMR (100 MHz, CDCl3): all absorptions of the cycloadducts 15e were present, 
but the signals of the fraction were too complex to assign them, because the fraction consists consists 
of a mixture of endo and exo isomers (I/II) which in turn can consist of 2 diastereoisomers. 
Therefore, the endo-selectivity and the diastereoselectivity of the cycloaddition reaction could not be 
determined. 13C-NMR (25 MHz, CDCl3): all absorptions of the cycloadducts 15e were present; 
characteristic absorptions of regioisomers 15e around δ 23 (4 signals, t, C-CH2-S=O). 
 
Cycloaddition of diene 12b with α-oxo sulfine 1e; synthesis of cycloadducts 14f and 15f 
Starting from bis(methoxycarbonyl) sulfine 1e (178 mg, 1.0 mmol) and L-Boc-Ala-OBut 12d (97 mg, 
0.36 mmol), a diastereomeric mixture of compounds 14f ('slow moving') was obtained as a yellow oil 
(109 mg, 67%) and a diastereomeric mixture of compounds 15f ('fast moving') was obtained as a 
yellow oil (41 mg, 25%) after column chromatography with hexane / ethyl acetate (3:1→0:1, v/v). 
Compounds 14f: 1H-NMR (300 MHz, CDCl3): all absorptions of the cycloadducts 14f were present. 
Some characteristic absorptions: δ 1.63-1.71 (m, 6 signals = at least 3 diastereoisomers, 3H, CH-CH3), 
4.93-5.00 (m, 1H, CH-CH3), 5.80-6.40 (m, 3H, CH=CH and O-CH-CH=CH), 7.69-7.86 (m, 4H, arom. 
H, phthaloyl). Due to the complexity of the signals of mixture, which consists of at least 3 
diastereoisomers, the endo-selectivity and diastereoselectivity of the cycloaddition reaction could not 
be determined. 13C-NMR (25 MHz, CDCl3): all absorptions of the cycloadducts 14f were present; 
characteristic absorptions of regioisomers 14f around δ 45 (at least 2 signals, t, C-CH2-S=O). 
Compounds 15f: 1H-NMR (300 MHz, CDCl3): all absorptions of the cycloadducts 15f were present. 
Some characteristic absorptions: δ 1.68-1.75 (m, 6 signals = at least 3 diastereoisomers, 3H, CH-CH3), 
2.93-2.97 (m, 2H, C-CH2-C), 4.98-5.17 (m, 1H, CH-CH3), 7.72-7.90 (m, 4H, arom. H, phthaloyl). Due 
to the complexity of the signals of mixture, which consists of at least 3 diastereoisomers, the endo-
selectivity and diastereoselectivity of the cycloaddition reaction could not be determined. 13C-NMR 
(25 MHz, CDCl3): all absorptions of the cycloadducts 15f were present; characteristic absorptions of 
regioisomers 15f around δ 23 (at least 3 signals, t, C-CH2-S=O). 
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 Cycloaddition of diene 12b with α-oxo sulfine 1e; synthesis of cycloadducts 14g and 15g 
Starting from bis(methoxycarbonyl) sulfine 1e (178 mg, 1.0 mmol) and L-Boc-Phe-OBut 12f (136 mg, 
0.39 mmol), a diastereomeric mixture of compounds 14g ('slow moving') was obtained as a yellowish 
oil / foam (150 mg, 73%) and a diastereomeric mixture of compounds 15g ('fast moving') was 
obtained as a yellowish oil (45 mg, 22%) after column chromatography with hexane / ethyl acetate 
(3:1→0:1, v/v). 
Compounds 14g: 1H-NMR (300 MHz, CDCl3): all absorptions of the cycloadducts 14g were present. 
Some characteristic absorptions: δ 5.08-5.19 (m, 1H, CH-CH2C6H5), 5.82-6.21 (m, 3H, CH=CH and O-
CH-CH=CH), 7.17-7.21 (m, 5H, arom. H, phenyl), 7.65-7.80 (m, 4H, arom. H, phthaloyl). Due to the 
complexity of the signals of mixture, which consists of at maximum 4 diastereoisomers, the endo-
selectivity and diastereoselectivity of the cycloaddition reaction could not be determined.  
Compounds 15g: 1H-NMR (100 MHz, CDCl3): all absorptions of the cycloadducts 15g were present, 
but the signals of the fraction were too complex to assign them, because the fraction consists consists 
of a mixture of endo and exo isomers (I/II) which in turn can consist of 2 diastereoisomers. 
Therefore, the endo-selectivity and the diastereoselectivity of the cycloaddition reaction could not be 
determined. 
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                   CHAPTER 
 
 
 
 
REACTIONS OF 3,6-DIHYDO-2H-
THIOPYRANS AND THEIR S-OXIDES  
 
 
5.1 Introduction 
 
The Diels-Alder reaction of sulfines constitutes a convenient method for the synthesis of 3,6-
dihydro-2H-thiopyran S-oxides. Entrapment of in situ generated sulfines from doubly 
activated methylene compounds, silyl ketene acetals, or silyl enol ethers by treatment with 
thionyl chloride in the presence of a suitable tertiary amine base is a highly efficient and 
versatile preparation of these cycloadducts (see Chapter 2 and ref. 1). The scope of this 
method has been expanded considerably by modifying the experimental procedures of the 
sulfine synthesis (Sections 2.3),[2] as well as their cycloaddition with 1,3-butadienes (Chapter 
3). In view of the easy access to these sulfur containing heterocycles, their synthetic 
elaboration is of interest. The potential of these cycloadducts is outlined in Figure 5.1. 
 
2
3
S
O
R1
R2
1
4
5
6
substituent modification
electrophilic alkylation
Pummerer reaction
oxidation / reductionfunctionalization
 
 
Figure 5.1 
 
The double bond can be functionalized by a variety of reagents, the methylene group adjacent 
to the sulfoxide can be deprotonated and subsequently subjected to reactions with 
electrophiles, the sulfoxide can either be reduced or further oxidized, Pummerer types 
reactions can be envisaged, and the substituent at C-2 can be modified in various ways. 
 
Reduction of the sulfoxide leads to 3,6-dihydro-2H-thiopyrans, which on themselves are of 
synthetic interest. It should be noted that in this preparation of dihydrothiopyrans the 
sulfines serve as synthetic equivalent of the corresponding thiocarbonyl compounds. 
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 In this Chapter, the focus will be on 3,6-dihydro-2H-thiopyran S-oxides derived from α-oxo 
sulfines and especially on the deoxygenated cycloadducts. Two reaction modes have been 
investigated more extensively, namely the ketene-Claisen rearrangement and the sulfonium 
ylid rearrangement as outlined in Scheme 5.1. 
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R2
R3
R3
S
O
R1
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R3
R3
S
O
R1
R2
R3
R3
CHCO2Et
S
R1
R2
R3
R3
Ring-expanded product
Rearranged product(s)
TfO CO2Et
C O
Cl
Cl
+ -
[3,3]
[2,3]
 
Scheme 5.1 
 
In order to place the respective synthetic conversions in proper perspective, the relevant 
literature will be described in next Section. In the next Chapter the functionalization of the 
double bond will be discussed. 
 
 
5.2 Relevant literature 
 
5.2.1 Synthesis of 3,6-dihydro-2H-thiopyrans 
Diels-Alder cyclization of thiocarbonyl compounds with 1,3-dienes is a direct method for the 
preparation of 3,6-dihydro-2H-thiopyrans. The required thiones[3] are stable in a limited 
number of cases, otherwise in situ preparations are abundantly available. Examples of such 
in situ generation of α-oxo thiones in the presence of suitable dienes are depicted in Scheme 
5.2. As most of these methods proceed with varying yields, the indirect synthesis via the 
cycloadducts of α-oxo sulfines is an attractive alternative. 
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Z
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Scheme 5.2 
 
The required reduction of the sulfoxide unit in these cycloadducts derived from sulfines is 
most conveniently carried out by the method of Drabowicz and Oae[14] using trifluoroacetic 
anhydride and sodium iodide, as was demonstrated by Rewinkel[1f] and De Laet[1h] (Scheme 
5.3). 
 
NaI, (CF3CO)2OS
R3
R3
O
R2
O
R1
S
R3
R3
R2
O
R1acetone, 0°C, <30 min
 
Scheme 5.3 
 
Other reducing agents that have been used for the reduction of sulfoxides to the 
corresponding sulfides, such as lithium aluminium hydride, are less satisfactionary in this 
particular case (see also Section 6.2). 
 
5.2.2 Pummerer-type reactions of 3,6-dihydro-2H-thiopyran S-oxides 
The cycloadduct derived from fluorenethione S-oxide underwent a Pummerer reaction upon 
heating in acetic anhydride at 70°C[15] (Scheme 5.4). 
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 S O S
Ac2O
70°C
 
Scheme 5.4 
 
2H-Thiopyrans were also obtained by Rewinkel[1f] during the trapping reaction of γ-oxo-α,β-
unsaturated sulfines with 2,3-dimethyl-1,3-butadiene (Scheme 5.5). This Pummerer reaction 
is induced by either thionyl chloride or trimethylsilyl chloride.  
S
O
RR
OSiMe3
SOCl2
R
O
S
O
H
S
O
O
R
 
-10°C Pummerer
R = H (35%)
R = Ph (31%)
base*
* 2,6-lutidine  
Scheme 5.5 
 
Taylor et al.[16] similarly observed a Pummerer reaction of a dihydrothiopyran S-oxide upon 
treatment with either trimethylsilyl chloride or acetic anhydride. During the synthesis of 
thiabenzene derivatives from dihydrothiopyran S-oxides by Hori et al.[17] and De Laet,[1h] the 
first intermediate product is the result of a Pummerer reaction (Scheme 5.6). 
 
S
O
O
Ph
S
O
Ph
S
O
Ph
1) MeOTf
2) Et3N
cat. TosOH
∆
97% 89%  
Scheme 5.6  
 
5.2.3 Alkylation of 3,6-dihydro-2H-thiopyrans and their S-oxides 
Deprotonation of the methylene group adjacent to the sulfur atom followed by treatment 
with an appropriate electrophile leads to 6-substituted 3,6-dihydro-2H-thiopyran (or their S-
oxides). Ridley et al.[18] observed diastereoselective anti-alkylation exclusively at the 
methylene between the double bond and the sulfoxide for primary alkyl halides. However, for 
secondary halides and aldehydes a 1:1 syn/anti mixture of products was obtained (Scheme 
5.7). 
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2) E-X
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35-96%  
Scheme 5.7 
 
Similarly, Rewinkel[1f] obtained 6-substituted 3,6-dihydro-2H-thiopyran S-oxides (Scheme 
5.8). 
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Ph
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O
OMe
Ph
R
(one diastereoisomer)
1) n-BuLi
2) E-X
R = Me (65%)
Et (77%)
CH(OH)Ph (49%)
 
Scheme 5.8 
 
Electrophilic alkylation of the parent 3,6-dihydro-2H-thiopyran leads to a mixture of α- and 
γ-products as shown in Scheme 5.9.[19]  
 
S S
R
S
R
+
1) t-BuLi
2) R-X
α γ
R-X = PhCH2Br (96%; α/γ = 2:1)
= CH3I (90%; α/γ = 2:1)
 
Scheme 5.9 
 
The electrophilic substitution of 2-carboethoxy-4,5-dimethyl-3,6-dihydro-2H-thiopyrans was 
studied by Larsen et al.[11] and Kirby et al.[20] (Scheme 5.10). As expected, the electrophile is 
now introduced next to the ester function. 
  
S
CO2Et
S
R
CO2Et
1) LDA
2) E-X
i -Pr (79%), [ref. 11]
CH(OH)CH3 (96%), [ref. 11]
R = Me (78%), [ref. 11]
Et (72%), [ref. 20]
CH2-CH=CH2 (77%), [ref. 20]
CH2Ph (78%), [ref. 20]
 
Scheme 5.10 
 
A remarkable Lewis acid induced nucleophilic substitution via the intermediacy of a 
thioxonium ion, was accomplished by De Laet and Derksen[1h,g] (Scheme 5.11). The presence 
of an arylsulfonyl substituent at the leaving group position is a prerequisite for this 
substitution reaction. A competing elimination reaction to 2H-thiopyrans was also obtained 
 158
 in some cases. When the C-4/C-5 double bond is removed, this Lewis acid catalyzed 
nucleophilic addition takes place exclusively and in good yields. 
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Scheme 5.11 
 
5.2.4 Miscellaneous reactions of 3,6-dihydro-2H-thiopyrans and their S-oxides 
Selective oxidation of 3,6-dihydro-2H-thiopyran S-oxides to the corresponding sulfones,[21] 
without affecting the olefinic bond or any other functionalities present in these substrates, 
can be accomplished by treatment with m-chloroperbenzoic acid (m-CPBA) at 0°C[1h] and 
with hydrogen peroxide in acetic acid.[19,22] Control of the experimental conditions is 
essential, otherwise the olefenic bond is epoxidized.[23] Oxone® (potassium hydrogen 
persulfate), which is a recommended oxidant for the preparation of sulfones from sulfides or 
sulfoxides,[24] gives moderate yields when applied for the oxidation of 3,6-dihydro-2H-
thiopyran S-oxides.[1h] 
 
Selective reactions with the olefinic bond have been reported. Catalytic hydrogenation using 
10% palladium on activated carbon have been achieved by De Laet,[1h] although the scope 
seems to be limited. Epoxidation without changing the oxidation state of sulfur has been 
investigated but with little success.[23] Epoxidation and dihydroxylation of the olefinic bond 
will be discussed in more detail in the next Chapter. Iodolactonization of dihydrothiopyrans, 
as reported by Sutherland et al., led to a mixture of products.[6a] Another iodolactonization 
was already described in Section 3.3. The cycloadducts of aliphatic thioaldehyde S-oxides and 
cyclopentadiene undergo a rearrangement to a bicyclo-sultene via a [2,3]-sigmatropic 
rearrangement as already has been described in Scheme 3.4.[25] Base-induced ring 
contractions of 3,6-dihydro-2H-thiopyrans were reported by Biellmann et al.,[19,22] Larsen et 
al.[11,12] and by Reglier and Julia.[26] The results are summarized in Scheme 5.12. The first step 
is a ring-opening reaction, which is followed by either an intramolecular 1,2- or 1,4-addition. 
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 Subsequent reaction with an alkyl halide leads to cyclopentenes and vinylcyclopropanes, 
respectively. 
base
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Y
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-
-
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Scheme 5.12 
 
5.2.5 Ketene-Claisen rearrangement reactions 
Since the discovery[27] of the thermal rearrangement of allyl ethers in 1912, the synthetic 
scope of this [3,3]-sigmatropic rearrangement reaction has been extensively investigated and 
detailed information about mechanistic and stereochemical features has been obtained.[28] 
Several modifications have been developed to lower the activation energy by introducing 
appropriate substituents. Malherbe and Belluš[29] showed that reaction of allylic ethers, 
sulfides or selenides with in situ generated chloroketene produces a reactive 1,3-dipolar 
intermediate that undergoes a smooth [3,3]-sigmatropic rearrangement. This ketene-Claisen 
rearrangement is depicted in Scheme 5.13. 
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5
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X
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Cl Cl
X
R
O
Cl Cl  
+ X
R
O
Cl
Cl
+
[3,3]
-
X = O, S, Se, (NR')  
Scheme 5.13 
 
A convenient manner to generate dichloroketene involves the reaction of trichloroacetyl 
chloride with copper-activated zinc powder.[30,31] It has been claimed that ZnCl2 facilitates the 
ketene-Claisen rearrangement. Alternatively, this reactive ketene can be generated by 
dehydrochlorination of dichloroacetyl chloride with triethylamine.[32,33] 
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 By investigating optically active allyl thioethers, it was shown[34] that the ketene-Claisen 
sigmatropic rearrangement proceeds via a six-membered transition state, whereby 1,3-allylic 
strain is minimized[35] (Scheme 5.14).  
S R3
Cl
Cl
R1
O
R2
 
R1 R2
SR3 +
-
R2
R1
SR3
O
ClClC O
Cl
Cl
e.e. = 96-99%  
Scheme 5.14 
 
Examples of this rearrangement involving six-membered sulfur-containing substrates are 
shown in Scheme 5.15. The yields of these ring expansion reactions are variable and depend 
on the experimental conditions.[30,31] 
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S
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3 equiv. Cl3CC(O)Cl  / Zn(Cu)
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75-85%
[ref. 30]
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Scheme 5.15 
 
 
5.2.6 [2+3]-sigmatropic rearrangement reactions of allylic sulfonium ylids 
The base-induced rearrangement of allylic sulfonium salts proceeds via a [2,3]-sigmatropic 
rearrangement process of the initially formed sulfonium ylid (Scheme 5.16).[36]  
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S
R+
[2,3]basealkylation
+
-
 
Scheme 5.16 
 
The starting sulfonium salts are prepared from allylic sulfides by reaction of an appropriate 
alkylating agent or diazo compounds.[36,37] Various experimental procedures have been 
developed.[37,38]  
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 Acyclic sulfonium ylids essentially rearrange to homoallylic sulfides[39-43] (cf. Scheme 5.16).  
Mechanistically, Warren et al.[37] showed in a detailed study that this [2,3]-sigmatropic 
rearrangement is a concerted symmetry-allowed suprafacial-suprafacial process[44] leading 
stereospecifically to E-homo-allylic sulfides. 
 
Exocyclic sulfonium ylids rearrange to ring-expanded products as was shown by Vedejs et 
al.,[45] Schmidt et al.[46] and Fava et al.,[47] whereby a mixture of Z- and E-olefins was 
obtained, the ratio of which depends on the ring size (Scheme 5.17).  
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CHR
 
base (H2C)n S
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+
+
-
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R= PhC(=O), CO2Et [ref. 45,46]
R= H, Me, Ph [ref. 47]
n = 1,2,3
 
Scheme 5.17 
 
When the olefinic bond is present in the ring system, the exocyclic ylids lead to ring 
contraction as is exemplified by the reactions[40,48] shown in Scheme 5.18. 
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N2C(CO2Me)2
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S COPh
S CO2Me
CO2Me180°C
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Scheme 5.18 
 
Endocyclic sulfonium ylids in which the ylid unit is contained in the ring undergo a [2,3]-
sigmatropic rearrangement to cyclopropane derivatives in the case of six-membered ring 
substrates[20,49] as is depicted in Scheme 5.19. Related examples have been reported by 
Rewinkel,[1f] Ishibashi et al.,[50] Corey et al.,[51] and Kataoka et al.[52]  
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When the olefin is outside the six-membered ring, the sulfonium ylid rearranges to a 
cylcoheptenecarboxylate[49,53] (Scheme 5.20). It should be noted that the competing Stevens 
rearrangement leads to the five-membered ring by-product shown in 25% yield. 
S
CO2Me
S
Me
CO2Me  
SMe
CO2Me
SMe
CO2Me
1. MeOSO2F
2. KOtBu
[2,3]
[1,2]
+
-
50%
25%  
Scheme 5.20 
 
 
5.3 Ketene-Claisen rearrangement reactions of α-oxo sulfine-derived substrates 
 
Cycloadducts derived from α-oxo sulfines and 1,3-butadienes can be converted into suitable 
substrates for the ketene-Claisen rearrangement by first reducing the sulfoxide to the sulfide 
and subsequently subjecting the carbonyl group attached to C-2 to a Wittig olefination 
reaction. Thus, the deoxygenation following the Drabowicz/Oae procedure[14] (see Section 
5.2) was performed for a series of cycloadducts 1. The results are collected in Table 5.1. 
Excellent yields were obtained in practically all cases. 
 
 
 
 
 163
 Table 5.1  Selective deoxygenation of 3,6-dihydro-2H-thiopyran S-oxides 1 
 
NaI, (CF3CO)2OS
R3
R3
O
R2
O
R1
S
R3
R3
R2
O
R1acetone, 0°C, <30 min
1 2
 
substratea R1 R2 R3 product yield (%) 
1a 
1b 
1c 
1d 
1e 
1f 
Ph 
Ph 
Ph 
Ph 
OMe 
OMe 
H 
H 
Me 
Ph 
CH2Ph 
Ph 
H 
Me 
Me 
Me 
H 
H 
2a 
2b 
2c 
2d 
2eI 
2fI 
92 
95 
75 
91 
85 
90 
a See Chapter 2 for the preparation of these substrates. 
 
The olefination reaction of products 2 was achieved by a conventional Wittig reaction with 
methylene phosphorane.[54] The results are summarized in Table 5.2. The yields of 
compounds 3 are in the range of 62-67%, which are in line with literature reports.[54] 
  
Table 5.2  Synthesis of 2-vinylic-3,6-dihydro-2H-thiopyrans 3 
 
H2C=PPh3 / THFS
R3
R3
R2
O
R1
S
R3
R3
R2
CH2
R1O°C→RT, overnight
2 3
 
substrate R1 R2 R3 product yield (%) 
2a 
2b 
2d 
2eIIa 
Ph 
Ph 
Ph 
H 
H 
H 
Ph 
CH2Ph 
H 
Me 
Me 
H 
3a 
3b 
3d 
3e 
62 
65 
63 
67 
a Prepared by reduction of 2eI with lithium aluminium hydride (see Experimental Section) 
 
The thus prepared substrates 3 were treated with dichloroketene, which was generated in 
situ from trichloroacetyl chloride and activated zinc powder suspended in diethyl ether as the 
solvent. The recommended procedure of slowly adding the dichloroketene precursor to the 
substrate 3 in rather high dilution, in order to avoid side-reactions of dichloroketene,[55] was 
followed. The reaction resulted in an inseparable mixture of 10-membered products, namely 
4 and 5. The E-isomer 4 was the predominant product, as was deduced from the 1H-NMR 
spectra. The Z-structure of the minor isomer was assigned on the basis of the 1H-NMR 
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 signals in the region of the olefinic hydrogens and mass spectroscopy (see Experimental). 
The results are summarized in Table 5.3. 
 
Table 5.3  Dichloroketene-Claisen rearrangement of 2-vinylic-3,6-dihydro-2H-thiopyrans 3 
 
S
R3
R3
R2
R1
S
R3
R3
R1
R2
O
Cl
ClCl3CC(O)Cl / Zn(Cu)
Et2O, reflux
[3,3]3 4
S
R3
R3
O
Cl
Cl
R2 R15
+
 
 
substrate R1 R2 R3 products ratio 4 : 5a yield (%)b 
3a 
3b 
3d 
3e 
Ph 
Ph 
Ph 
H 
H 
H 
Ph 
CH2Ph 
H 
Me 
Me 
H 
4a + 5a 
4b + 5b 
4d + 5d 
4e + 5e 
84:16 
 87:13c 
77:23 
80:20 
39 
41 
30 
78 
a Determined by GLC; b Total yield of 4 and 5; c Ratio 89:11, determined by NMR. 
 
The yields of these [3,3]-rearrangement products are only moderate, with one exception. 
Adopting the six-membered ring chair-like transition state for this rearrangement (see 
Section 5.2), the formation of the E-product 4 is expected to proceed via the transition state 
A shown in Scheme 5.21. However, in order to explain the formation of the minor Z-isomer a 
boat-like transition state B (see Scheme 5.21) must be involved. In the literature no 
precedent of such Z-olefin formation was found.[30,31] The rather low yields obtained for this 
ketene-Claisen rearrangement may be due to effects of the substituents R1 (Scheme 5.21). 
When R1=H a much better yield (78%!) was obtained. It was also attempted to generate 
dichloroketene from dichloroacetyl chloride and base (cf. ref. 32), however, then only 
starting material was recovered. 
 
+
trans product 4 cis product 5
S R
2
R1
O-
+
S
R1
R2O-
BA  
Scheme 5.21 
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 5.4 [2,3]-Sigmatropic rearrangement reactions of α-oxo sulfine-derived 
substrates 
 
The deoxygenated cycloadducts 2 shown in Table 5.1 are in principle suitable substrates for 
the preparation of sulfonium ylids, which may undergo a [2,3]-sigmatropic rearrangement. 
Thus, alkylation of the sulfur atom in substrate 2a was performed using carboethoxymethyl 
trifluoromethanesulfonate. The sulfonium salt was not isolated but treated with 1,8-
diazobicyclo[5.4.0]undec-7-ene (DBU) rightaway (Scheme 5.22). The ring-contracted product 
6, which is clearly the result of a reaction of intermediate endocyclic sulfonium ylid, was 
obtained in 89% yield (cf. Scheme 5.19). 
S
O
Ph
H
SCH2CO2Et
O
Ph
6
2a
S
O
CHCO2Et
Ph
H
+
-
+
-
S
O
CH2CO2Et
Ph
2.  DBU, overnight
OSO2CF3EtO2C , CH3CN, 2 days1.
 
 
Scheme 5.22 
 
It is of interest that 6 was obtained as a single isomer. On mechanistic grounds a cis 
relationship between the vinyl group and the sulfide unit is expected. This is in line with 
observations in the literature for similar vinyl cyclopropanes resulting from a [2,3]-
sigmatropic rearrangement[20,50] (see Scheme 5.19). The product 6 was also obtained when 
2a was treated with ethyl diazoacetate in the presence of a catalytic amount copper(II) 
sulfate, albeit in a lower yield (56%, see Experimental). 
 
In 3,6-dihydro-2H-thiopyran 2c the C-2 atom contains a methyl substituent instead of a 
hydrogen as in starting material 2a. Consequently, only an exocyclic sulfonium ylid is 
possible here. Thus, reaction of 2c with carboethoxymethyl trifluoromethanesulfonate (2 
days) and DBU (overnight) gave a product arising from a [2,3]-sigmatropic rearrangement of 
an exocyclic sulfonium ylid, viz. ring-expanded product 7 (56% as a single stereoisomer only 
with the indicated geometry of the newly formed olefinic bond); see Scheme 5.23. 
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 H, Ph,  H
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Scheme 5.23 
 
Similar [2,3]-sigmatropic rearrangements involving a benzoyl carbonyl group as the 
migrating component have been reported leading to the same geometry.[42,56]  The by-product 
8 (38%) arises from a β-elimination reaction for which a cycloelimination mechanism[47b] has 
been suggested as depicted in Scheme 5.24. This type of elimination is only conceivable when 
the methyl group is positioned cis with respect to the CH2CO2Et unit. The structure of 8 was 
secured by a 1H-NMR analysis (see Experimental Section). 
1) TfOCH2CO2Et
2) DBU
2c 8
S
O
H
PhEtO2C
 
+
-
 
Scheme 5.24 
 
Such a β-elimination cannot take place in the case of 2d, because the R2-substituent is now a 
phenyl group. The sole product isolated from this starting material is the ring-expanded 
compound 9 (56% yield). Only two minor impurities (<5%) were detected. Substrate 2fII 
shows an analogous behavior, the nine-membered product 10 was obtained as the exclusive 
product in 44% yield (Scheme 5.23). 
 
The parent thiopyran 2g, which has no substituents adjacent to the sulfur atom, has also 
been subjected to the sigmatropic rearrangement. Conversion into the ylid by treatment with 
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 carboethoxymethyl trifluoromethanesulfonate and subsequent reaction with DBU led to 
tetrahydrothiophene derivative 11 in 60% yield (Scheme 5.25). 
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Scheme 5.25 
 
Product 11 was predominantly obtained as one diastereoisomer (>95%). Although the 
stereochemistry has not been proven unambiguously by e.g. NOE-experiments, it is assumed 
that the ester substituent and the isopropylidene group have an anti relationship. However, 
this stereochemistry cannot be reconciled with the predicted stereochemical course of the 
rearrangement, which is expected to proceed via an endo transition state (cf. ref. 57) due to 
secondary orbital interactions (Scheme 5.26). It is therefore proposed that the initially 
formed syn-product is epimerized under the basic conditions of the reaction to the 
thermodynamically more stable anti-product 11. 
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Scheme 5.26 
 
Finally, dihydrothiopyran 3a in which the carbonyl group of 2a has been olefinated, was 
converted into the corresponding sulfonium ylid. A smooth rearrangement (reaction time ca. 
2 h) produced the ring-expanded product 12, with a Z:E ratio of 5:95, in 77% yield (Scheme 
5.28).  
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Scheme 5.28 
 
This reaction proceeds via an exocyclic ylid analogous to the examples shown in Scheme 
5.23. The same product was obtained when the ylid was generated from 3a by reaction with 
ethyl diazoacetate and a catalytic amount of rhodium(II) acetate, however now in only 46% 
yield (see Experimental). 
  
The E-geometry of 12 was apparent from the 1H-NMR spectra, which showed a typical[58] 
double doublet for the proton attached to this newly formed double bond. Furthermore, the 
preferential (exclusive) formation of the E-olefin nine-membered ring products in those 
sigmatropic rearrangements is in agreement with analogous conversions reported in the 
literature.[45b,c,e,f and 46b] The predominance for the formation of the E-olefinic product 12 can 
be explained by assuming a cyclic transition state (consisting of a energetically favored 
halfchair of the dihydrothiopyran ring (see Chapter 3) and an envelope shaped[59] migrating 
ring system, in which the steric interactions of the substituents are minimized (Scheme 5.29). 
A similar preferred transition state must be assumed for the formation of the ring-expanded 
products 7, 9 and 10 in view of the fact that for these rearrangements also an exclusive 
formation of one diastereoisomer was observed (see Scheme 5.23). 
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5.5 Concluding remarks 
 
The reactions described in Section 5.3 demonstrate that the cycloadducts derived from α-oxo 
sulfines and 1,3-butadienes can serve as starting materials for the preparation of suitable 
substrates for the ketene-Claisen rearrangement. For this purpose, the cycloadducts are first 
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 deoxygenated and then olefinated by a Wittig reaction. The ketene-Claisen rearrangement 
with in situ generated dichloroketene leads to 10-membered ring products in yields ranging 
from 30 to 78 %. The reaction is not stereoselective, as mixtures of trans and cis products are 
obtained. 
 
The deoxygenated cycloadducts serve as starting material for sulfonium ylids, which can 
undergo a [2,3]-sigmatropic rearrangement reaction. These ylids were prepared by treatment 
with carboethoxymethyl trifluoromethanesulfonate and base. Depending on the substitution 
pattern of the cycloadducts ring-expanded products, cyclopropane derivatives, or tetrahydro 
thiophene derivatives are obtained. The observed rearrangements proceed either via an 
exocyclic or endocyclic sulfonium ylid in a stereocontrolled fashion. There is a strong 
preference for one geometrical isomer for the newly formed olefinic bond. 
 
 
5.6 Experimental  
 
General remarks 
The glassware used was oven-dried, assembled under argon, and additionally dried with a heatgun. 
All reactions were carried out in an inert atmosphere of argon. Chromatography was carried out on a 
column (length 15-25 cm and diameter 1-4 cm), using Merck Kieselgel 60 at atmospheric pressure. 
Flash chromatography was carried out at a pressure of ca. 1.5 bar on a column (length 15 - 25 cm and 
diameter 1 - 4 cm), using Merck Kieselgel 60H. Preparative TLC was carried out on Merck Kieselgel 
60 plates (layer thickness 2 mm). Thin layer chromatography (TLC) was carried out on Merck 
precoated silicagel 60 F254 plates (layer thickness 0.25 mm). Spots were visualized with UV or by 
treatment with molybdate reagent. GLC was conducted with a Hewlett-Packard HP5890II gas 
chromatograph, using a capillary column (HP1, 25m × 0.31mm × 0.17µm), a temperature program: 
100-250°C at a rate of 15°C/min, and nitrogen at 2 mL/min (0.5 atm) as the carrier gas. Melting 
points were measured with a Reichert Thermopan microscope and are uncorrected. The 1H- and 13C-
NMR spectra were recorded on a Bruker AC 100 (FT) or on a Bruker AC 300 (FT) spectrometer. The 
chemical shift (δ) is given in ppm relative to the internal standard (Me4Si for 1H-NMR, CDCl3 for 13C-
NMR). IR spectra were recorded on a Perkin-Elmer 298 infrared spectrophotometer. The wave 
number (ν) is given in cm-1. For (high resolution) mass spectra a double focusing VG7070E mass 
spectrometer was used. Electron impact (EI) was used as ionization mode. GC-MS spectra were run 
on a Varian Saturn 2 GC-MS ion-trap system. Separation was carried out on a fused-silica capillary 
column (DB-5, 30m × 0.25mm). Helium was used as carrier gas, and electron impact (EI) was used as 
ionization mode. Elemental analyses were performed on a Carlo Erba Instruments CHNS-O EA 1108 
element analyzer.  
 
Solvents 
Tetrahydrofuran (THF) was freshly distilled from lithium aluminium hydride. Dichloromethane was 
distilled from phosphorus pentoxide. Acetonitrile was distilled from phosphorus pentoxide and stored 
over molsieves (4Å). Diethyl ether was pre-dried over calcium chloride and then distilled from 
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 calcium hydride. Hexane was distilled from calcium hydride. Ethyl acetate was distilled from 
potassium carbonate. All other solvents were of analytical grade and used without further purification. 
 
Reagents 
n-Butyllithium was purchased from Merck as a 1.6N solution in hexanes, or from Acros as a 2.5N 
solution in hexanes. Activated zinc (zinc-copper couple) was prepared following a literature 
procedure[60], stored in vacuo (<0.05 mm Hg) and kept under an atmosphere of argon when opened. 
Carboethoxymethyl trifluoromethanesulfonate was prepared following a literature procedure[61] and 
stored under an athmosphere of argon at -20°C. All other reagents were purchased and used without 
further purification. 
 
General procedure for the synthesis of 3,6-dihydro-2H-thiopyran S-oxides 1 
The synthesis of 3,6-dihydro-2H-thiopyran S-oxides 1a-f was described in the Experimental Section of 
Chapter 2. The dihydrothiopyran S-oxides 1a, 1b, 1c, 1d, 1e and 1f correspond with compounds 4cII, 4cI, 
4d, 4eI, 4i, and 4hII, respectively, in Chapter 2 
 
General procedure for the reduction of 3,6-dihydro-2H-thiopyran S-oxides 1 to the corresponding 3,6-
dihydro-2H-thiopyrans 2 
The mild procedure described by Drabowicz and Oae[14b] was followed. Dihydrothiopyran S-oxide 1 was 
dissolved in acetone (ca. 4 mL/mmol) and sodium iodide (2.5 equiv.) was added in one portion. The 
mixture was cooled to 0°C and a solution of trifluoroacetic acid anhydride (2.0 equiv.) in acetone (ca. 2 
mL/mmol) was added dropwise. The reaction was monitored by thin layer chromatography. After all of 
the dihydrothiopyran S-oxide 1 was consumed (<30 min) the mixture was concentrated in vacuo. Water 
was added and the mixture was extracted three times with diethyl ether. The combined organic layers 
were washed twice with an aqueous sodium thiosulfate solution (2% w/v) and with water, then dried over 
MgSO4 and concentrated in vacuo. The resulting crude product was purified by column chromatography. 
 
2-Benzoyl-3,6-dihydro-2H-thiopyran (2a) 
Starting from 2-benzoyl-3,6-dihydro-2H-thiopyran S-oxide 1a (2.23 g, 10.1 mmol) compound 2a was 
obtained as a slightly yellow solid (1.90 g, 92%) after column chromatography with hexane / ethyl acetate 
(4:1, v/v). Recrystallization from carbontetrachloride provided analytically pure 2a (1.51 g) as colorless 
crystals. 
Mp. 71.5-72.5°C. IR(KBr): ν 1675 (C=O). 1H-NMR(100 MHz, CDCl3): δ 2.3-2.9 (m, 2H, =CH-CH2-CH) 2.9-
3.3 (m, 2H, SCH2 ), 4.58 (t, 3J=5.2 Hz, 1H, =CH-CH2-CH), 5.8-6.1 (m, 2H, CH=CH), 7.37-7.66 (m, 3H, 
arom. Hmeta and Hpara), 7.97-8.09 (m, 2H, arom. Hortho). MS(EI): m/e 204 (M+, 28%), 105 (PhC=O+, 100%), 
99 (M+-PhC=O, 86%), 77 (C6H5+, 41%). Elemental analysis: calculated for C12H12O2S (204.292): C 70.55, H 
5.92, S 15.70; found C 70.02, H 5.72, S 14.76.  
 
2-Benzoyl-4,5-dimethyl-3,6-dihydro-2H-thiopyran (2b) 
Starting from 2-benzoyl-4,5-dimethyl-3,6-dihydro-2H-thiopyran S-oxide 1b (1.12 g, 4.52 mmol) 
compound 2b was obtained as a viscous yellow oil (1.00 g, 95%) after column chromatography with 
hexane / ethyl acetate (4:1, v/v). 
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 IR(CCl4): ν 1680 (C=O). 1H-NMR(100 MHz, CDCl3): δ 1.76 (br. s, 6H, 2×CH3), 2.51 (br.m, 2H, =CH-CH2-
CH), 3.00 (br.m, 2H, SCH2), 4.49 (t, J=5.5 Hz, 1H, =CH-CH2-CH), 7.36-7.64 (m, 3H, arom. Hmeta and 
Hpara), 7.95-8.05 (m, 2H, arom. Hortho). MS(EI): m/e 232 (M+, 26%), 127 (M+-PhC=O, 100%), 105 
(PhC=O+, 93%), 77 (C6H5+, 64%).  
 
2-Benzoyl-2,4,5-trimethyl-3,6-dihydro-2H-thiopyran (2c) 
Starting from 2-benzoyl-2,4,5-trimethyl-3,6-dihydro-2H-thiopyran S-oxide 1c (0.17 g, 0.65 mmol) 
compound 2c was obtained as a viscous yellow oil (0.12 g, 75%) after column chromatography with 
hexane / ethyl acetate (4:1, v/v). 
1H-NMR(100 MHz, CDCl3): δ 1.64 (s, 3H, CH3), 1.69 and 1.74 (br. s, 3H, CH3-C=C), 2.19 (A of AB, br. d, 
2J=17.3 Hz, 1H, C-CHAHB-C), 2.71 (B of AB, br. d, 2J=17.3 Hz, 1H, C-CHAHB-C), 2.84 (A of AB, br. d, 
2J=17.2 Hz, 1H, C-CHAHB-S), 3.03 (B of AB, br. d, 2J=17.2 Hz, 1H, C-CHAHB-S), 7.26-7.57 (m, 3H, arom. 
Hmeta and Hpara), 8.10-8.23 (m, 2H, arom. Hortho).  
 
2-Benzoyl-2-phenyl-4,5-dimethyl-3,6-dihydro-2H-thiopyran (2d) 
Starting from 2-benzoyl-2-phenyl-4,5-dimethyl-3,6-dihydro-2H-thiopyran S-oxide 1d (2.26 g, 6.99 
mmol) compound 2d was obtained as a viscous colorless oil (1.97 g, 91%) after column chromatography 
with hexane / ethyl acetate (39:1, v/v). 
IR(CCl4): ν 1670 (C=O). 1H-NMR(100 MHz, CDCl3): δ 1.68 and 1.72 (br. s, 3H, CH3), 2.39-3.13 (2×AB 
mixed-up, 4H, 2×CH2), 7.10-7.71 (m, 10H, arom. H). GC-MS(EI): m/e 308 (M+, 0.5%), 203 (M+-PhC=O, 
85%), 105 (PhC=O+, 16%), 91 (C7H7+, 100%), 77 (C6H5+, 28%).  
 
2-Benzyl-2-methoxycarbonyl-3,6-dihydro-2H-thiopyran (2eI) 
Starting from 2-benzyl-2-methoxycarbonyl-4,5-dimethyl-3,6-dihydro-2H-thiopyran S-oxide 1e (5.3 g, 20 
mmol) compound 2eI was obtained as a colorless oil (4.2 g, 85%) after column chromatography with 
hexane / ethyl acetate (19:1, v/v). 
IR(CCl4): ν 1730 (C=O). 1H-NMR(100 MHz, CDCl3): δ 2.41 (A of AB, br. d, 2J=16.8 Hz, 1H, C-CHAHB-C), 
2.66 (B of AB, br. d, 2J=16.8 Hz, 1H, C-CHAHB-C), 2.96-3.46 (m, 4H, SCH2 and CH2Ph), 3.67 (s, 3H, 
OCH3), 5.67-5.93 (m, 2H, CH=CH), 7.06-7.30 (m, 5H, arom. H). GC-MS(EI): m/e 248 (M+, 27%), 189 
(M+-CO2CH3, 12%), 98 (C5H6S+, 21%), 97 (C5H5S+, 100%), 91 (C7H7+, 43%). 
 
2-Methoxycarbonyl-2-phenyl-3,6-dihydro-2H-thiopyran (2fI) 
Starting from 2-methoxycarbonyl-2-phenyl-3,6-dihydro-2H-thiopyran S-oxide 1f (1.25 g, 5.0 mmol) 
compound 2fI was obtained as a white solid (1.05 g, 90%) after column chromatography with hexane / 
ethyl acetate (19:1, v/v). Recrystallization from a mixture of hexane and ethyl acetate provided analytically 
pure 2fI (0.65 g) as colorless crystals.  
Mp. 96-98°C. IR(KBr): ν 1735 (C=O). 1H-NMR(100 MHz, CDCl3): δ 2.83-3.40 (m, 4H, 2×CH2), 3.72 (s, 
3H, OCH3), 5.75-6.03 (m, 2H, CH=CH), 7.28-7.57 (m, 5H, arom. H). MS(EI): m/e 234 (M+, 31%), 175 
(M+-CO2CH3, 69%), 121 (43%), 91 (C7H7+, 100%), 77 (C6H5+, 14%). Elemental analysis: calculated for 
C13H14O2S (234.318): C 66.64, H 6.02, S 13.68; found C 66.37, H 5.91, S 13.44. 
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 2-Benzyl-2-formyl-3,6-dihydro-2H-thiopyran (2eII) 
To a cooled (-78°C) suspension of lithium aluminium hydride (0.14 g, 3.8 mmol) in THF (20 mL) was 
added dropwise a solution of 2-benzyl-2-methoxycarbonyl-3,6-dihydro-2H-thiopyran 2eI (0.25 g, 1.0 
mmol) in THF (15 mL). The reaction was monitored by thin layer chromatography. After all 2eI was 
consumed (2 hours) an aqueous solution of sodium hydroxide (10% v/v, 6 mL) and diethyl ether (50 mL) 
were added. The mixture was washed twice with water (25 mL), dried over MgSO4 and concentrated in 
vacuo. After column chromatography with hexane / ethyl acetate (39:1, v/v) compound 2eII was 
obtained as a colorless oil (0.13 g, 40%), in addition to a small amount of the corresponding alcohol. 
IR(CCl4): ν 1715 (C=O). 1H-NMR(100 MHz, CDCl3): δ 2.24-3.40 (m, 6H, 3×CH2), 5.59-5.84 (m, 2H, 
HC=CH), 7.03-7.32 (m, 5H, arom. H) 9.30 (s, 1H, C(=O)H). GC-MS(EI): m/e 218 (M+, 21%), 189 (M+-
C(=O)H, 32%), 127 (M+-CH2Ph, 9%), 97 (C5H5S+, 16%), 91 (C7H7+, 100%). 
 
2-Formyl-2-phenyl-3,6-dihydro-2H-thiopyran (2fII) 
To a cooled (-78°C) suspension of lithium aluminium hydride (90 mg, 2.4 mmol) in THF (5 mL) was 
added dropwise a solution of 2-methoxycarbonyl-2-phenyl-3,6-dihydro-2H-thiopyran 2fI (0.35 g, 1.5 
mmol) in THF (5 mL). The reaction was monitored by thin layer chromatography. After all 2fI was 
consumed (2 hours) an aqueous solution of sodium hydroxide (10% v/v, 2 mL), diethyl ether (15 mL) and 
MgSO4 were added. Then, the mixture was filtered. After column chromatography with hexane / ethyl 
acetate (4:1, v/v) compound 2eII was obtained as a colorless oil (0.27 g, 71%), in addition to the 
corresponding alcohol (84 mg, 27%). 
IR(CCl4): ν 1715 (C=O). 1H-NMR(100 MHz, CDCl3): δ 2.35-3.30 (m, 4H, 2×CH2), 5.70-6.05 (m, 2H, 
HC=CH), 7.38 (br. s, 5H, arom. H), 9.26 (s, 1H, C(=O)H). GC-MS(EI): m/e 204 (M+, <1%), 175 (M+-
C(=O)H, 38%), 121 (28%), 91 (C7H7+, 100%), 77 (C6H5+, 21%). 
 
4,5-dimethyl-3,6-dihydro-2H-thiopyran (2g) 
4,5-dimethyl-3,6-dihydro-2H-thiopyran 2g was prepared in two steps, viz. a Diels-Alder reaction between 
thiophosgene S-oxide and 2,3-dimethyl-1,3-butadiene, followed by a one-pot-one-step removal of the 
oxygen and chlorine atoms. Thiophosgene (3.0 mL, 39.3 mmol) was dissolved in dichloromethane (7 mL) 
and a solution of pre-dried (MgSO4) m-chloroperbenzoic acid (70-75%, 9.97g, 40.4-43.3 mmol) in 
diethyl ether (25 mL) was added in one portion. The mixture was stirred for 2 h under exclusion of light. 
During this time, the color of the mixture changed from red to slightly yellow and a white preticipate (m-
chlorobenzoic acid) appeared. 2,3-Dimethyl-1,3-butadiene (10 mL, excess) was added dropwise and 
mixture was allowed to stir overnight. Then, the reaction mixture was washed successively with an 
aqueous sodium thiosulfate solution (2% w/v), twice with a saturated aqueous solution of sodium 
bicarbonate, and water. The combined water layers were extracted with diethyl ether, dried over MgSO4 
and concentrated in vacuo. After column chromatography with hexane / ethyl acetate (4:1, v/v) 2,2-
dichloro-4,5-dimethyl-3,6-dihydro-2H-thiopyran S-oxide (3.33 g, 40%) was obtained as a colorless syrup 
which solidified after standing at -20°C. Recrystallization from toluene / hexane afforded the same 
product (1.67 g) as white crystals (Mp: 40.5-41°C; lit.[62] 39.5-41°C. Spectral data were in agreement with 
those reported in the literature[62]. 
To a solution of 2,2-dichloro-4,5-dimethyl-3,6-dihydro-2H-thiopyran S-oxide (0.72 g, 3.39 mmol) in 
acetic acid (96%, 5 mL) powdered zinc (0.70 g, 10.7 mmol) was added. The mixture was heated at 100°C 
for 1.5 h. After cooling to ambient temperature ,the mixture was poured into icewater and neutralized to 
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 pH=6 with an aqueous solution of sodium hydroxide (30%, w/v). Diethyl ether was added and the 
mixture was washed with a saturated aqueous solution of sodium bicarbonate, dried (MgSO4) and 
concentrated in vacuo. The crude product was purified by column chromatography with hexane / ethyl 
acetate (99:1, v/v) and 4,5-dimethyl-3,6-dihydro-2H-thiopyran 2g (0.21 g, 48%) was obtained as an 
offensive smelling colorless oil. 
1H-NMR(100 MHz, CDCl3): δ 1.66 (br. s, 6H, 2×CH3), 2.22 (t, 3J=5.9 Hz, 2H, SCH2CH2) 2.68 (br.m, 2H, 
SCH2CH2), 3.00 (br. s, 2H, S-CH2C=C). 
 
General procedure for the synthesis of 2-vinylic-3,6-dihydro-2H-thiopyrans 3 
To a suspension of 2.0-2.5 equiv. of methyl triphenylphosphoniumbromide in tetrahydrofuran (ca. 10 
mL/mmol) 2.0-2.5 equiv. of n-butyllithium (1.6N or 2.5N solution in hexanes) were added by a syringe at 
ambient temperature (unless mentioned otherwise). A dark red clear solution appeared. Next, the solution 
was cooled to 0°C and a solution of dihydrothiopyran 2 in THF (ca. 5 mL/mmol) was added dropwise. 
The mixture was allowed to warm to ambient temperature and was stirred overnight. Then, the mixture 
was poured into water and extracted three times with diethyl ether. The combined organic layers were 
dried over MgSO4 and concentrated in vacuo. The crude product was purified by column chromatography. 
 
2-(1-Phenyl-vinyl)-3,6-dihydro-2H-thiopyran (3a) 
Starting from 2-benzoyl-3,6-dihydro-2H-thiopyran 2a (1.74 g, 8.55 mmol) compound 3a was obtained as 
a slightly yellow oil (1.07 g, 62%) after column chromatography with hexane / ethyl acetate (9:1, v/v).  
IR(CCl4): the characteristic absorption of the carbonyl moiety of 2a at ν=1675 cm-1 is no longer present. 
1H-NMR(100 MHz, CDCl3): δ 2.38-2.53 (m, 2H, =CH-CH2-CH), 3.03 (A of AB, d of m, 2J=16.8 Hz, 1H, C-
CHAHB-S), 3.38 (B of AB, d of m, 2J=16.8 Hz, 1H, C-CHAHB-S), 3.86 (t, 1H, 3J=6.6 Hz, =CH-CH2-CH), 5.26 
(s, 1H, S-CH-C(=CHZHE)Ph), 5.38 (s, 1H, S-CH-C(=CHZHE)Ph), 5.72-5.98 (m, 2H, CH=CH), 7.18-7.49 (m, 
5H, arom. H). GC-MS(EI): m/e 202 (M+, 0.1%), 97 (C5H5S+, 100%), 77 (C6H5+, 14%). 
 
2-(1-Phenyl-vinyl)-4,5-dimethyl-3,6-dihydro-2H-thiopyran (3b) 
Starting from 2-benzoyl-4,5-dimethyl-3,6-dihydro-2H-thiopyran 2b (0.82 g, 3.52 mmol) compound 3b 
was obtained as a slightly yellow oil (0.53 g, 65%) after column chromatography with hexane / ethyl 
acetate (9:1, v/v).  
IR(CCl4): the characteristic absorption of the carbonyl moiety of 2b at ν=1680 cm-1 is no longer present. 
1H-NMR(100 MHz, CDCl3): δ 1.70 (br. s, 6H, 2×CH3), 2.40 (br. d, 2H, 3J=6.5 Hz, =CH-CH2-CH), 2.93 (A 
of AB, d of m, 2J=16.7 Hz, 1H, C-CHAHB-S), 3.31 B of AB (d of m, 2J=16.7 Hz, 1H, C-CHAHB-S), 3.88 (t, 1H, 
3J=6.4 Hz, =CH-CH2-CH), 5.23 (s, 1H, S-CH-C(=CHZHE)Ph), 5.38 (s, 1H, S-CH-C(=CHZHE)Ph), 7.25-7.50 
(m, 5H. arom. H). MS(EI): m/e 230 (M+, 13%), 183 (70%), 147 (100%), 103 (Ph-C(=CH2)+, 14%), 77 
(C6H5+, 19%). 
 
2-Phenyl-2-(1-phenyl-vinyl)-4,5-dimethyl-3,6-dihydro-2H-thiopyran (3d) 
Starting from 2-benzoyl-2-phenyl-4,5-dimethyl-3,6-dihydro-2H-thiopyran 2d (1.23 g, 3.99 mmol) 
compound 3d was obtained as a yellowish solid (0.77 g, 63%) after column chromatography with hexane / 
ethyl acetate (19:1, v/v). Recrystallization from toluene provided analytically pure 3d as colorless needle-
shaped crystals. 
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 Mp. 106-108°C. IR(KBr): the characteristic absorption of the carbonyl moiety of 2d at ν=1670 cm-1 is no 
longer present. 1H-NMR(100 MHz, CDCl3): δ 1.58 and 1.68 (s, 3H, C=C-CH3), 2.43-3.0 (2×AB mixed-up, 
4H, 2×CH2), 5.33 (s, 1H, S-CH-C(=CHZHE)Ph), 5.66 (s, 1H, S-CH-C(=CHZHE)Ph), 6.75-7.53 (m, 10H, 
arom. H). MS(EI): m/e 306 (M+, 24%), 273 (34%), 259 (65%), 223 (36%), 203 (M+-PhC=CH2, 14%), 191 
(28%), 103 (Ph-C(=CH2)+, 14%), 91 (C7H7+, 100%), 77 (C6H5+, 19%). Elemental analysis: calculated for 
C21H22S (306.47): C 82.30, H 7.24, S 10.46; found C 82.53, H 7.10, S 10.00. 
 
2-Benzyl-2-vinyl-3,6-dihydro-2H-thiopyran (3e) 
The general procedure of the synthesis of 2-vinylic-3,6-dihydro-2H-thiopyrans was followed, however, the 
reaction mixture was first cooled to -78°C before allowing to warm-up to ambient temperature. Starting 
from 2-benzyl-2-formyl-3,6-dihydro-2H-thiopyran 2eII (0.24 g, 1.10 mmol) compound 3e was obtained 
as a slightly yellow oil (0.16 g, 67%) after column chromatography with hexane / ethyl acetate (9:1, v/v).  
IR(CCl4): the characteristic absorption of the carbonyl moiety of 2eII at ν=1715 cm-1 is no longer present. 
1H-NMR(100 MHz, CDCl3): δ 2.13 (A of AB, br. d, 2J=18.0 Hz, 1H, =CH-CHAHB-C), 2.37 (B of AB, br. d, 
2J=18.0 Hz, 1H, =CH-CHAHB-C), 2.74-3.18 (AB and s mixed-up, 4H, SCH2 and PhCH2), 4.73-5.18 (m, 2H, 
C-CH=CH2), 5.62-5.90 (m, 3H, C-CH=CH-C and C-CH=CH2), 7.03-7.31 (m, 5H, arom. H). GC-MS(EI): 
m/e 216 (M+, 6%), 125 (100%), 91 (C7H7+, 20%), 77 (C6H5+, 11%). 
 
General procedure for the dichloroketene Claisen rearrangement of 2-vinyl-3,6-dihydro-2H-thiopyrans (4) 
Activated zinc[60] was suspended in diethyl ether. The 2-vinylic-dihydrothiopyran 3 was added in one 
portion and the reaction mixture was heated under reflux. Next, a solution of trichloroactylchloride in 
diethyl ether was added dropwise over a period of 4 h. After the addition was complete, the mixture was 
refluxed for an additional hour. The mixture was allowed to reach room temperature and then was filtered 
and washed with a saturated aqueous solution of sodium bicarbonate and with water. The organic layer 
was dried on MgSO4 and concentrated in vacuo. The crude 10-membered thiolactones 4 were purified by 
column chromatography. 
 
E,Z-3,3-Dichloro-5-phenyl-3,4,7,10-tetrahydro-thiecin-2-one (4a) 
Z,Z-3,3-Dichloro-5-phenyl-3,4,7,10-tetrahydro-thiecin-2-one (5a)  
Starting from 1.63 g (24.4 mmol) activated zinc, 0.35 g (1.74 mmol) 2-(1-phenyl-vinyl)-3,6-dihydro-2H-
thiopyran 3a in 30 mL diethyl ether, and 0.58 mL (5.22 mmol) trichloroacetylchloride in 30 mL diethyl 
ether the general procedure of the dichloroketene Claisen rearrangement was followed. After column 
chromatography with hexane / ethyl acetate (19:1, v/v) a colorless oil (0.22 g, 39%) was obtained, 
consisting of compound 4a (84%) and a compound (16%, GLC) with the same molecular mass and 
fragmentation pattern (MS), which is the Z,Z-isomer 5a. 
Compound 4a: IR(CCl4): ν 1680 (C=O). 1H-NMR(100 MHz, CDCl3): δ 2.71 (br. d, 3J=8.7 Hz, 2H, C-CH2-
CH=C), 3.47 (s, 2H, SCH2), 3.75 (br. s, 2H, CCl2-CH2), 5.58-5.88 (m, 2H, C-CH=CH-C), 5.94 (t, 1H, 3J=8.7 
Hz, CH2-CH=C), 7.18-7.31 (m, 5H, arom. H). GC-MS(EI): m/e 312 (M+, <1%), 230 (M+-CCl2, 12%), 195 
(17%), 127 (12%), 115 (31%), 91 (C7H7+, 24%), 77 (C6H5+, 24%), 39 (100%). 
Compound 5a: GC-MS(EI): m/e 312 (M+, <1%), 195 (36%), 127 (38%), 115 (82%), 91 (C7H7+, 100%), 77 
(C6H5+, 73%). 
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 E,Z-3,3-Dichloro-8,9-dimethyl-5-phenyl-3,4,7,10-tetrahydro-thiecin-2-one (4b) 
Z,Z-3,3-Dichloro-8,9-dimethyl-5-phenyl-3,4,7,10-tetrahydro-thiecin-2-one (5b) 
Starting from 0.89 g (13.6 mmol) activated zinc, 0.23 g (1.0 mmol) 2-(1-phenyl-vinyl)-4,5-dimethyl-3,6-
dihydro-2H-thiopyran 3b in 5 mL Et2O, and 0.33 mL (3.0 mmol) trichloroacetylchloride in 5 mL Et2O the 
general procedure of the dichloroketene Claisen rearrangement was followed. After column 
chromatography with hexane / ethyl acetate (19:1, v/v) a colorless oil (0.14 g, 41%) was obtained, 
consisting of compound 4b (87%, GLC) and a compound (13%, GLC) with the same molecular mass and 
fragmentation pattern (MS), which is  the Z,Z-isomer 5b. 
Compound 4b: IR(CCl4): ν 1685 (C=O). 1H-NMR(300 MHz, CDCl3): δ 1.59 and 1.71 (br..s, 3H, CH3), 2.67 
(br. s, 2H, C-CH2-CH=C ), 3.46 (br. s, 2H, SCH2), 3.68 (br. s, 2H, CCl2-CH2), 5.96 (t, 3J=8.6 Hz, 1H, CH2-
CH=C), 7.24-7.37 (m, 5H, arom. H). 13C-NMR(25 MHz, CDCl3): δ 21.9 and 22.0 (CH3), 36.2, 41.9 and 55.5 
(CH2), 89.0 (s, CCl2), 126.8, 127.1, 127.9, 128.2, 128.4, 135.2, 136.0 and 138.7 (arom. C, H-C=C-Ph and 
H3C-C=C-CH3), 194.2 (C=O). GC-MS(EI): m/e 344 (M++4, 0.13%), 342 (M++2, 0.97%), 340 (M+, 1.46%), 
260 (M++2-CCl2, 68%), 258 (M+-CCl2, 100%), 195 (27%), 183 (27%), 127 (31%), 115 (24%), 91 (C7H7+, 
24%), 77 (C6H5+, 15%). 
Compound 5b: 1H-NMR(300 MHz, CDCl3): δ 5.85 (t, 3J=7.4 Hz, 1H, CH2-CH=C). Ratio δ 5.85/5.96 = 
(12:88). CG-MS(EI): m/e 344 (M++4, 0.07%), 342 (M++2, 1.99%), 340 (M+, 2.79%), 260 (M++2-CCl2, 
68%), 258 (M+-CCl2, 100%), 195 (31%), 183 (17%), 127 (22%), 115 (19%), 91 (C7H7+, 19%), 77 (C6H5+, 12%). 
 
E,Z-3,3-Dichloro-8,9-dimethyl-5,6-diphenyl-3,4,7,10-tetrahydro-2H-thiecin-2-one (4d) 
Z,Z-3,3-Dichloro-8,9-dimethyl-5,6-diphenyl-3,4,7,10-tetrahydro-2H-thiecin-2-one (5d) 
Starting from 1.90 g (29.7 mmol) activated zinc, 0.50 g (1.6 mmol) 2-phenyl-2-(1-phenyl-vinyl)-4,5-
dimethyl-3,6-dihydro-2H-thiopyran 3d in 30 mL Et2O, and 0.51 mL (4.8 mmol) trichloroacetylchloride in 
30 mL Et2O the general procedure of the dichloroketene Claisen rearrangement was followed. After 
column chromatography with hexane / ethyl acetate (99:1, v/v) a colorless oil (0.21 g, 30%) was obtained, 
consisting of compound 4d (77%, GLC) and a compound (23%, GLC) with the same molecular mass and 
fragmentation pattern (MS), which is the Z,Z-isomer of 5d. The oil solidified after some time. 
Recrystallization from toluene afforded (0.13 g, 20%) analytically pure 4d as white crystals. 
Compound 4d: Mp. 130-133°C. IR(CCl4): ν 1680 (C=O). 1H-NMR(100 MHz, CDCl3): δ 1.75 and 1.80 (br. s, 
3H, CH3), 2.98 (br. s, 2H, C-CH2-CH=C ), 3.39-4.59 (m, 4H, SCH2 and CCl2-CH2), 6.76-7.62 (m, 10H, 
arom. H). 13C-NMR(25 MHz, CDCl3): δ 22.6 and 23.8 (q, CH3), 36.8, 40.8 and 50.3 (t, CH2), 89.9 (s, CCl2), 
125.8, 126.1, 127.1, 127.4, 129.5 and 130.4 (d, arom C), 128.0, 132.0, 141.5, 143.5 and 146.8 (s, Ph-C=C-Ph, 
H3C-C=C-CH3, arom. Ci), 194.9 (C=O). MS(EI): m/e 418 (M++2, 13%), 416 (M+, 20%), 336 (M++2-CCl2, 
26%), 334 (M+-CCl2, 38%), 273 (30%), 259 (33%), 203 (100%), 171 (96%), 91 (C7H7+, 97%), 77 (C6H5+, 
14%). GC-MS(EI): m/e 416 (M+, 16%), 259 (72%), 203 (77%), 91 (C7H7+, 85%), 77 (C6H5+, 90%), 39 
(100%). 
Compound 5d: GC-MS(EI): m/e 416 (M+, 15%), 259 (40%), 203 (49%), 91 (C7H7+, 100%), 77 (C6H5+, 51%). 
 
E,Z-3,3-Dichloro-6-benzyl-8,9-dimethyl-3,4,7,10-tetrahydro-thiecin-2-one (4e) 
Z,Z-3,3-Dichloro-6-benzyl-8,9-dimethyl-3,4,7,10-tetrahydro-thiecin-2-one (5e) 
Starting from 0.28 g (4.16 mmol) activated zinc, 58 mg (0.27 mmol) 2-benzyl-2-vinyl-3,6-dihydro-2H-
thiopyran 3e in 6 mL Et2O, and 0.11 mL (0.96 mmol) trichloroacetylchloride in 6 mL Et2O the general 
procedure of the dichloroketene Claisen rearrangement was followed. After column chromatography with 
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 hexane / ethyl acetate (39:1, v/v) a colorless oil (69 mg, 78%) was obtained, consisting of compound 4e 
(80%, GLC) and a compound (20%, GLC) with the same molecular mass and fragmentation pattern (MS), 
which is the Z,Z-isomer 5e. 
Compound 4e: IR(CCl4): ν 1680 (C=O). 1H-NMR(100 MHz, CDCl3): δ 2.79 (br. s, C-CH2-CH=C ), 3.24 (br. 
s, 2H, SCH2), 3.34 (br. s, 2H, CH2Ph) 3.56-3.77 (m, 2H, CCl2-CH2), 5.29 (t, 3J=8.1 Hz, 1H, PhCH2C=CH-
CH2), 5.43-5.91 (m, 2H, C-CH=CH-C), 6.97-7.39 (m, 5H, arom. H). GC-MS(EI): m/e 326 (M+, <3%), 141 
(16%), 115 (20%), 91 (C7H7+, 100%), 77 (C6H5+, 16%). 
Compound 5e: GC-MS(EI): m/e 326 (M+, <3%), 141 (16%), 115 (21%), 91 (C7H7+, 100%), 77 (C6H5+, 20%). 
 
General procedure for the [2,3]-sigmatropic rearrangement reaction of (2,2-disubstituted) 3,6-dihydro-
2H-thiopyrans 2a,c,d,fII,g and 3a (Method A) 
Dihydrohiopyran 2a,c,d,fII,g or 3a was dissolved in acetonitrile (ca. 2 mL/mmol) and carboethoxy-
methyl trifluoromethanesulfonate[61] (1.1 equiv.) was added in one portion. The reaction mixture was 
stirred at ambient temperature until all the dihydrothiopyran was consumed (TLC, vide supra). Next, 1,8-
diazobicyclo[5.4.0]undec-7-ene (1.1 equiv.) was added in one portion and the reaction mixture was stirred 
overnight at ambient temperature. Then, the mixture was concentrated in vacuo. The crude product(s) 6-
12 were purified by preparative thin layer chromatography or by column chromatography. 
 
Z-(1-Benzoyl-2-vinyl-cyclopropylsulfanyl)-acetic acid ethyl ester (6) 
Method A: Starting from 2-benzoyl-3,6-dihydro-2H-thiopyran 2a (31 mg, 0.15 mmol) compound 6 was 
obtained as a yellowish oil (38 mg, 89%) after column chromatography with hexane / ethyl acetate (9:1, 
v/v). The alkylation time was 2 days. 
Method B: 2-Benzoyl-3,6-dihydro-2H-thiopyran 2a (0.11 g, 0.53 mmol) was dissolved in benzene (1 mL) 
and ethyldiazoacetate (0.10 mL, 0.96 mmol) and a catalytic amount of copper sulfate (10 mg) were 
subsequently added in one portion. The mixture was heated under reflux for 1 h and additionally stirred 
overnight at room temperature. Next, the mixture was poured into water and extracted twice with diethyl 
ether. The combined organic layers were washed twice with brine, dried over MgSO4, and concentrated in 
vacuo. The mixture, was separated and purified by preparative thin layer chromatography with hexane / 
ethyl acetate (4:1, v/v), giving compound 6 (66 mg, 43%, corrected: 56%) and 2a (26 mg, 25%). 
IR(CCl4): ν 1735 (C=O, ester), 1670 (C=O, ketone). 1H-NMR(100 MHz, CDCl3): δ 1.18 (t, 3J=7.1 Hz, 3H, 
CO2CH2CH3), 1.38 (dd, 3J=6.5 Hz, 2J=4.9 Hz, 1H, CH-CHtransHcis), 2.03 (dd, 3J=8.9 Hz, 2J=4.9 Hz, 1H, CH-
CHtransHcis), 2.17-2.41 (m, 1H, CH-CHtransHcis), 3.27 (s, 2H, SCH2) 4.06 (q, 3J=7.1 Hz, 2H, CO2CH2CH3), 
5.30 (dd, 3J=5.4 Hz, 2J=1.8 Hz, 1H, C-CH=CHtransHcis), 5.41 (dd, 3J=12.6 Hz, 2J=1.8 Hz, 1H, C-
CH=CHtransHcis), 5.76-6.12 (m, 1H, C-CH=CHtransHcis), 7.34-7.63 (m, 3H, arom. Hmeta and Hpara), 7.87-7.97 
(m, 2H, arom. Hortho). GC-MS(EI): m/e 290 (M+, 10%), 203 (M+-CH2CO2CH2CH3, 15%), 185 (M+-COPh, 
5%), 171 (M+-SCH2CO2CH2CH3, 6%), 105 (C6H5CO+, 100%), 77 (C6H5+, 12%). 
 
E,Z-5,6,8-Trimethyl-9-phenyl-4,7-dihydro-[1,3]oxathionine-2-carboxylic acid ethyl ester (7)  
Z-(5-benzoyl-2,3-dimethyl-hexa-2,5-dienylsulfanyl)-acetic acid ethyl ester (8) 
Method A: Starting from 2-benzoyl-2-methyl-4,5-dimethyl-3,6-dihydro-2H-thiopyran 2c (88 mg, 0.36 
mmol) a mixture of compound 7 (67 mg, 56%, fast moving) and compound 8 (45 mg, 38%, slow moving) 
was obtained as a colorless oil, which was separated and purified by flash column chromatography with 
hexane / ethyl acetate (19:1, v/v). The alkylation time was 2 days. 
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 Compound 7: IR(CCl4): ν 1735 (C=O). 1H-NMR (100 MHz, CDCl3): δ 1.15 (t, 3J=7.1 Hz, 3H, CO2CH2CH3), 
1.74, 1.82 and 1.88 (s, 3H, C=C-CH3), 2.04 and 2.81 (d, 2J=13.2 Hz, 1H, SCH2), 4.04 (qd, 3J=7.1 Hz, 2J=2.0 
Hz, 2H, CO2CH2CH3), 4.37 and 4.49 (d, 1H, 2J=9.3 Hz, C=C-CH2-C=C), 4.81 (s, 1H, CH), 7.2-7.4 (m, 5H, 
arom. H). 13C-NMR (25 MHz, CDCl3) δ 13.7 (q, CO2CH2CH3), 18.6 and 20.8 (q, H3C-C=C=CH3), 20.1 (q, 
Ph-C=C-CH3), 31.3 (t, SCH2), 37.1 (t, C=C-CH2-C=C), 61.3 (t, CO2CH2CH3), 79.3 (d, S-CH-O), 123.6 and 
125.4 (s, H3C-C=C-CH3), 127.8 (d, arom. Cmeta), 129.2 (d, arom. Cpara), 129.6 (d, arom. Cortho), 132.3 (s, Ph-
C=C-CH3), 134.2 (s, arom. Ci), 145.5 (s, Ph-C=C-CH3), 168.6 (s, C=O). GC-MS(EI): m/e 332 (M+, 0.3%), 
259 (M+- CO2CH2CH3), 227 (M+-COPh, 12%), 171 (76%), 143 (16%), 105 (C6H5CO+, 41%), 77 (C6H5+, 90%), 
57 (100%). 
Compound 8: IR(CCl4): ν 1740 (C=O, ester + ketone). 1H-NMR(100 MHz, CDCl3): δ 1.28 (t, 3J=7.1 Hz, 3H, 
CO2CH2CH3), 1.73 and 1.81 (br. s, 3H, C=C-CH3), 3.18, 3.28 and 3.39 (s, 2H, -CH2-C=C-CH2-S-CH2), 4.18 
(q, 3J=7.1 Hz, 2H, CO2CH2CH3), 5.65 (d, 2J=0.8 Hz, 1H, C=CHEHZ), 5.76 (d, 2J=0.8 Hz, 1H, C=CHEHZ), 
7.33-7.56 (m, 3H, arom. Hmeta and Hpara), 7.70-7.80 (m, 2H, arom. Hortho). 13C-NMR (25 MHz, CDCl3) δ 13.7 
(q, CO2CH2CH3), 18.1 and 19.0 (q, H3C-C=C=CH3), 33.3, 36.5 and 36.6 (t, CH2-C=C-CH2-S-CH2), 61.3 
CO2CH2CH3), 126.1 (t, C=CH2), 126.9 and 130.0 (s, H3C-C=C-CH3), 128.2 (d, arom. Cmeta), 129.5 (d, arom. 
Cortho), 132.3 (d, arom. Cpara), 137.5 (s, arom Ci), 145.8 (s, C(=O)-C=CH2), 170.8 (s, CO2CH2CH3), 198.0 (s, 
PhC=O). GC-MS(EI): m/e 332 (M+, <1%), 213 (M+-SCH2CO2CH2CH3, 13%), 113 (17%), 105 (C6H5CO+, 
100%), 77 (C6H5+, 72%). 
 
E,Z-5,6-Dimethyl-8,9-diphenyl-4,7-dihydro-[1,3]oxathionine-2-carboxylic acid ethyl ester (9) 
Method A: Starting from 2-benzoyl-2-phenyl-4,5-dimethyl-3,6-dihydro-2H-thiopyran 2d (0.17 g, 0.55 
mmol) compound 9 (0.12 g, 56%) was obtained as a white solid after flash column chromatography with 
hexane / ethyl acetate (19:1, v/v). The alkylation time was 2 days. 
Mp. 120-125°C. IR(KBr): ν 1740 (C=O). 1H-NMR (100 MHz, CDCl3): δ 1.16 (t, 3J=7.1 Hz, 3H, CO2CH2CH3), 
1.61 and 1.77 (s, 3H, C=C-CH3), 2.43 and 2.95 (d, 2J=13.2 Hz, 1H, SCH2), 4.07 (qd, 3J=7.1 Hz, 2J=0.8 Hz, 
2H, CO2CH2CH3), 4.46 and 4.59 (d, 1H, 2J=4.9 Hz, C=C-CH2-C=C), 5.03 (s, 1H, CH), 6.93-7.23 (m, 10H, 
arom. H). 13C-NMR (25 MHz, CDCl3) δ 13.8 (q, CO2CH2CH3), 17.0 and 21.2 (q, H3C-C=C=CH3), 31.3 (t, 
SCH2), 37.7 (t, C=C-CH2-C=C), 61.5 (t, CO2CH2CH3), 79.3 (d, S-CH-O), 126.2 and 127.8 (s, H3C-C=C-CH3), 
126.4, 127.6, 129.6, 130.0 and 130.2 (d, arom. C), 132.7 and 134.2 (s, arom. Ci), 140.5 (s, Ph-C=C-O) 145.5 
(s, Ph-C=C-O), 168.5 (s, C=O). GC-MS(EI): m/e 394 (M+, 1%), 289 (M+-C6H5CO+, 24%), 233 (47%), 105 
(C6H5CO+, 41%), 91 (C7H7+, 17%), 77 (C6H5+, 92%), 57 (100%). 
 
E,Z-8-Phenyl-4,7-dihydro-[1,3]oxathionine-2-carboxylic acid ethyl ester (10) 
Method A: Starting from 2-formyl-2-phenyl-3,6-dihydro-2H-thiopyran 2fII (131 mg, 0.64 mmol) 
compound 10 (82 mg, 44%) was obtained as a yellow oil after preparative thin layer chromatography with 
hexane / ethyl acetate (3:1, v/v). The alkylation time was 2 days. 
IR(CCl4): ν 1750 (C=O). 1H-NMR (100 MHz, CDCl3): δ 1.32 (t, 3J=7.1 Hz, 3H, CO2CH2CH3), 2.65 (dd, 
2J=13.1 Hz, 3J=6.0 Hz, 1H, SCHaHb), 2.65 (dd, 2J=13.1 Hz, 3J=5.9 Hz, 1H, SCHaHb), 3.95-4.43 (m, 4H, 
CO2CH2CH3 and C=C-CH2-C=C), 5.24 (s, 1H, S-CH-O), 5.45-6.09 (m, 2H, CH=CH), 6.49 (s, 1H, O-
CH=C), 7.28-7.37 (m, 5H, arom. H). 13C-NMR (25 MHz, CDCl3) δ 14.0 (q, CO2CH2CH3), 24.3 (t, SCH2), 
26.2 (t, C=C-CH2-C=C), 61.8 (t, CO2CH2CH3), 79.9 (d, S-CH-O), 124.5, 125.7, 127.4, 128.4, 131.6 and 140.7 
(d, arom. C, Ph-C=CH-O and CH=CH ), 131.7 (s, arom. Ci), 137.8 (s, Ph-C=CH-O), 168.5 (s, C=O). GC-
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 MS(EI): m/e 290 (M+, <1%), 229 (30%), 155 (100%), 153 (41%), 129 (37%), 128 (48%), 115 (46%), 103 
(41%), 91 (C7H7+, 17%), 77 (C6H5+, 92%), 57 (100%). 
 
E-3-Isopropenyl-3-methyl-tetrahydro-thiophene-2-carboxylic acid ethyl ester (11) 
Method A: Starting from 4,5-dimethyl-3,6-dihydro-2H-thiopyran 2g (79 mg, 0.62 mmol) compound 11 
was obtained as a yellowish oil (80 mg, 60%) after column chromatography with hexane / ethyl acetate 
(9:1, v/v). The alkylation time was 2 h. 
IR(CCl4) ν 1725 (C=O). 1H-NMR(100 MHz, CDCl3): δ 1.23 (t, 3J=7.1 Hz, 3H, CO2CH2CH3), 1.24 (s, 3H, C-
C-CH3), 1.61 (s, 3H, H2C=C-CH3) 1.66-2.11 + 2.59-3.13 (m, 4H, SCH2CH2 ), 3.61 (s, 1H, SCH), 4.09 (q, 
3J=7.1 Hz, 2H, CO2CH2CH3), 4.60 and 4.61 (s, 1H, =CH2). 13C-NMR (25 MHz, CDCl3): δ 14 (q, S-CH-C-
CH3), 21 (q, CO2CH2CH ), 25 (q, C-C(=CH3 2)CH3, 30 (t, CH-S-CH2-CH2), 38 (t, CH-S-CH2-CH2), 55 (s, C-
C(=H2)CH3), 56 (d, CH-S-CH2-CH2), 61 (t, CO2CH2CH3), 111 (t, C=CH2), 148 (s, C=CH2), 174 (s, C=O). GC-
MS(EI): m/e 214 (M+, 2.7%), 113 (C4H4SCH3+, 100%). 
 
E,Z-2-Ethoxycarbonyl-4-phenyl-2,3,6,9-tetrahydro-thionine (12) 
Method A: Starting from 2-(1-phenyl-vinyl)-3,6-dihydro-2H-thiopyran 3a (0.10 g, 0.50 mmol) a colorless 
oil (0.11 g, 77%) was obtained after column chromatography with hexane / ethyl acetate (19:1, v/v), 
consisting compound 12 (>95%, GLC) and a trace of a compound (<5%, GLC) with the same molecular 
mass and fragmentation pattern (MS), which is most likely the corresponding Z,Z-isomer of 12. The 
alkylation time was 2 h. 
Method C: 2-(1-Phenyl-vinyl)-3,6-dihydro-2H-thiopyran 3a (0.10 g, 0.50 mmol) was dissolved in 
dichloromethane (2 mL) and ethyldiazoacetate (0.5 mL, 0.5 mmol) and a catalytic amount of 
rhodium(II)acetate (ca. 2 mg) were added in one portion. The mixture was stirred overnight at room 
temperature and then concentrated in vacuo. The mixture was separated and purified by column 
chromatography with hexane / ethyl acetate (19:1, v/v), giving compound 12 (47 mg, 33%, corrected for 
presence of starting compound 3a: 46%) and 3a (29 mg, 29%). 
IR(CCl4): ν 1730 (C=O). 1H-NMR (300 MHz, CDCl3): δ 1.15 (t, 3J=7.1 Hz, 3H, CO2CH2CH3), 2.61-2.70, 
2.94-3.04 and 3.44-3.69 (3×m, 6H, 3×CH2), 3.95 (dd, 3J=18.9 Hz and 10.7 Hz, 1H, -CH) 4.09 (q, 3J=7.1 
Hz, 2H, CO2CH2CH3), 5.56-5.65 and 5.76-5.84 (m, 2H, CH=CH), 5.84-5.90 (dd, 3J=10.1 Hz and 6.6 Hz, 
1H, CH=C-Ph), 6.46-6.63 (m, 1H, CH). 7.21-7.35 (m, 5H, arom. H). 13C-NMR (75 MHz, CDCl3) δ 13.9 
(CO2CH2CH3), 23.5, 26.7 and 29.6 (CH2), 47.5 (S-CH-), 61.3 (CO2CH2CH3), 126.4, 126.5, 127.2, 127.3, 
128.4, 130.3 130.8 and 138.3 (arom. C, CH=CH and CH=C-Ph). GC-MS(EI): m/e 288 (M+, 4%), 234 
(100%), 201 (24%), 173 (8%), 161 (13%), 128 (10%), 127 (13%), 115 (9%), 91 (C7H7+, 5%), 77 (C6H5+, 6%). 
Z,Z-isomer of 12: GC-MS(EI): m/e 288 (M+, <1%), 234 (100%), 201 (36%), 173 (12%), 161 (24%), 128 
(15%), 127 (10%), 115 (9%), 91 (C7H7+, 5%), 77 (C6H5+, 8%). 
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                 CHAPTER 
 
 
 
 
PRELIMINARY STUDIES TOWARD THE 
SYNTHESIS OF THIOSUGAR ANALOGS  
 
 
6.1 Introduction 
 
Thiosugars are analogs of monosaccharides in which the ring oxygen atom has been replaced 
by sulfur. As they structurally resemble normal glucosidase substrates, thiosugars may 
possess biological activity as potential enzyme inhibitors.[1] For this reason the synthesis of 
thiosugars has attracted considerable attention. Almost all syntheses are based on 
functionalization of common mono-saccharides.[2] The main advantage of this approach is 
that the starting sugars are readily available and at the same time they serve as chiral 
templates. Other approaches involve an enzymatic synthesis[3] and a chemical modification 
of Diels-Alder-adducts.[4] The synthesis of thiopyranose analogs via a Diels-Alder reaction 
with methyl cyanodiformate[5] or ethyl thioxoacetate[6] has also been reported. 
  
In analogy with the Diels-Alder approaches 3,6-dihydro-2H-thiopyran S-oxides derived from 
α-oxo sulfines are potential substrates for the preparation of thiopyranose analogs, because 
they already contain the required sulfur containing six-membered heterocyclic skeleton. 
Appropriate functionalization of this skeleton is a conceivable route to analogs of thiosugars. 
Such a synthetic approach is depicted in Scheme 6.1. 
 
S
O
R
CO2MeX
S
R
CO2MeX
S
R
OH
OH CO2MeX
S
R
CH2OH
OH
OH
X
S
R
CH2OHX
a
b
a a
b
b
a
a: reduction / deprotection reations
b: double bond functionalization
 
Scheme 6.1 
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 In principle, two major molecular operations would suffice to arrive at thiosugar target 
molecules, viz. a reduction / deprotection sequence (a) and a double bond bis-hydroxylation 
(b). An additional important feature will be the introduction of the desired stereochemistry at 
the respective stereogenic centers. 
 
In this Chapter, preliminary studies are described in which the potential usefulness of 3,6-
dihydro-2H-thiopyran S-oxides as building blocks for thiosugars has been explored. 
 
 
6.2 Selective deoxygenation of functionalized 3,6-dihydro-2H-thiopyran S-
oxides 
  
The selective deoxgenation of some substituted 3,6-dihydro-2H-thiopyran S-oxides has 
already been discussed in Section 5.3. From the results described there and those reported by 
Rewinkel[7] and De Laet,[8] it is evident that the mild procedure developed by Drabowicz and 
Oae,[9] involving the use of trifluoroacetic anhydride and sodium iodide in acetone, is most 
suitable for this purpose.  
 
The scope of the deoxygenation was extended to functionalized 2-methoxycarbonyl-
thiopyran S-oxides 1. The synthesis of these cycloadducts has been described in the Chapters 
2 and 3.  
 
Table 6.1 Selective deoxygenation of functionalized 3,6-dihydro-2H-thiopyran S-oxides 
 
S
O
R1
R3
R2
CO2Me
NaI, (CF3CO)2O S R1
R3
R2
CO2Me
acetone, 0°C, <30 min
1 2  
substratea R1 R2 R3 product yield (%) 
1a 
1b 
1c 
1d 
1e 
1f 
1g 
1h 
H 
Me 
Ph 
CO2Me 
Me 
CO2Me 
CO2Me 
Me 
H 
H 
H 
H 
OAcb 
OAc 
O(C=O)OEt 
OAcb 
H 
H 
H 
H 
H 
H 
H 
OAcb 
2a 
2b 
2c 
2d 
2e 
2f 
2g 
2h 
88 
88 
90 
92 
53 
80 
90 
50 
a See Chapters 2 and 3. b Substituent anti with respect to the 2-methoxycarbonyl group. 
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 The results, which are collected in Table 6.1, confirm the effectiveness and selectivity of the 
deoxygenation procedure. The yields range from acceptable to excellent, and substituents 
susceptible to reduction (i.e. ester and carbonate groups) are not affected. It should be noted 
that the resulting 3,6-dihydro-2H-thiopyrans 2 are sometimes difficult to prepare directly 
via a Diels-Alder reaction of unstable α-oxo thiones and a 1,3-diene. Hence, the indirect 
preparation of these sulfur heterocycles via a selective deoxygenation of the corresponding 
cyclic sulfoxides offers an attractive alternative. Formally, the α-oxo sulfines serve as 
synthetic equivalents of α-oxo thiones (for a literature overview about the synthesis of 3,6-
dihydro-2H-thiopyrans see Section 5.2). 
 
 
6.3 Enzymatic kinetic resolution of 3,6-dihydro-2H-thiopyran (S-oxides)  
 
Naturally occurring monosaccharides are single enantiopure stereoisomers. In order to 
prepare optically active 3,6-dihydro-2H-thiopyrans or their S-oxides, different approaches 
can be followed, e.g. by an asymmetric synthesis or a resolution. An asymmetric synthesis of 
3,6-dihydro-2H-thiopyran S-oxide can be accomplished, at least in principle, by an 
asymmetric Diels-Alder reaction of an α-oxo sulfine and a 1,3-diene. This approach, which 
has a limited scope so far, has been discussed in Chapter 4. This Section will deal with 
preliminary studies to obtain optically-enriched 3,6-dihydro-2H-thiopyrans (S-oxides) by an 
enzymatic kinetic resolution.  
 
 
 
The kinetic resolution of racemic compounds catalyzed by hydrolytic enzymes has received 
much attention in recent years.[10] For this purpose, lipases have been the most frequently 
used because of their stability, their availability, their acceptance of a broad range of 
substrates and their applicability in organic solvents. 
The enzymatic resolution of 3,6-dihydro-2H-thiopyran S-oxides has been investigated by 
Kiełbasiński in cooperation with the Nijmegen research team.[11] In his study the focus was on 
the enzymatic hydrolysis of the ester moiety at the 2-position of three 2-alkoxycarbonyl-3,6-
dihydro-2H-thiopyran S-oxides 1. The hydrolyses were conducted in buffer solutions 
employing several readily available enzymes. The most relevant results are compiled in Table 
6.2.  
 
The reaction proceeded smoothly in case of the two substrates which possess an additional 
electron-withdrawing substituent at C-2 (entries 1-5) and optically active unreacted esters 1* 
were isolated, albeit mostly in a moderate enantiomeric excess.  
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 Table 6.2 Resolution of 2-alkoxycarbonyl-3,6-dihydro-2H-thiopyran S-oxides by enzymatic 
hydrolysis[11] 
S
CO2R
2
R1
OR3
R3
S
CO2R
2
R1
OR3
R3
S
R1
OR3
R3 CO2H  
S
OR3
R3 R1
enzyme
+
-CO2
buffer
NaOH
1 1* acid*  
entry R1 R2 R3 enzymea yield 1*  
(%) 
e.e.  
(%) 
yield 
acid* (%) 
e.e.  
(%) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
CO2Me 
CN 
CN 
CN 
CN 
Ph 
Me 
Me 
Me 
Me 
Me 
Et 
Et 
Et 
Et 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
H 
Me 
Me 
H 
H 
PLE 
PLE 
CCL 
α-CT 
PPL 
PLE 
α-CT 
PLE 
PLE 
α-CT 
47 
35 
27 
30 
10 
-d 
67 
48 
30 
-d 
8 
12 
0 
48 
65 
- 
60 
36 
>95 
- 
-b 
65c 
- 
- 
- 
- 
30 
50 
50 
- 
-b 
-b 
-b 
-b 
-b 
- 
>90 
38 
40 
- 
a Porcine Liver Esterase (PLE), Candida Cylindracea Lipase (CCL), α-Chymotrypsine (α-CT), Porcine Pancreas 
Lipase (PPL). b Not detemined. c An epimeric mixture of the decarboxylated product was obtained. d No reaction 
was observed even when several other enzymes and different co-solvents were applied. 
 
 
The dihydrothiopyran S-oxide in entry 6 appeared to be completely unreactive, although 
several enzymes and different co-solvents were applied. X-ray analyses revealed that this 
sulfoxide 1 adopts a conformation in the solid state which differs from those of the substrates 
in entries 1-5.[12] This difference was previously assumed to be responsible for the observed 
inreactivity.[11a] When, lateron,[11b] the phenyl subtituent was replaced by a small non-polar 
methyl group (entries 7-10), the enzymatic hydrolyses were found to proceed smoothly to 
give recovered esters 1* and the corresponding acids (acid*) with good or, in some cases, 
almost complete stereoselectivities. Because these substrates adopt a conformation in the 
solid state identical to the substrate of entry 5,[12] the lack of reactivity of the latter seemed to 
be solely caused by the presence of the bulky phenyl substituent at C-2. 
For the substrates 1f and 2f, which contain an acetoxy substituent, an alternative approach 
to a kinetic resolution can be considered, namely an enzyme-catalyzed transesterfication. 
Many examples of enantioselective enzymatic deacetoxylations have been reported.[10b,13] An 
attempted enzymatic resolution of 1f and 2f with Lipase PS in different organic media failed 
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 completely because the substrates did not react at all (Scheme 6.2, see Experimental part for 
details on the conditions) 
 
Lipase PS
buffer , organic solvent
//
1f,2f
+
S
O
OAc
CO2Me
CO2Me
(   )n S
O
OH
CO2Me
CO2Me
(   )nS
O
OAc
CO2Me
CO2Me
(   )n
no reaction
 
Scheme 6.2 
 
Similarly, 3,6-diacetoxy-dihydrothiopyran S-oxide 1h refused to react with Lipase PS. In 
contrast, the corresponding reduced compound 2h was completely consumed after 3 days 
after treatment with this enzyme. The obtained product was not the expected 3-hydroxy-
dihydrothiopyran, but the four-membered compound 3. The structure of this thietane 3 was 
secured on the basis of 1H- and 13C-NMR-spectra. Its formation can be rationalized by 
assuming ring-opening of the initially formed hydroxy-dihydrothiopyran, followed by a 
spontaneous intramolecular Michael addition of the SH-group to the enone moiety, as shown 
in Scheme 6.3. The same product 3 was obtained by a chemical hydrolysis of 2h using 0.1N 
HCl in H2O/THF. 
S
OAc
OAc
Me
CO2Me
S
OAc
OH
Me
CO2Me
SH
OAc
Me
O
CO2Me
 
i or ii S
Me
AcO
O
H
CO2Me
2h
i. Lipase PS, 0.1N phosphate buffer PH=7.2 / acetone (9:1, v/v), 3 days, yield = 89%, d.e.= 40% 
ii. 0.1 N HCl in H2O / THF (1:1, v/v), 18 hours, yield = 76%, d.e.= 40% 
3
 
 
SCHEME 6.3 
 
Remarkably, in both cases the acetoxy group adjacent to the sulfur atom was hydrolyzed 
exclusively. Compound 3 is a racemic mixture of two diastereoisomers in a ratio of 7:3. It is 
assumed that the diastereoisomer with the CH2C(=O)H group anti to the acetoxy and the 
ester group predominates for steric reasons. No further attempts were made to accomplish 
an enzymatic resolution. 
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 6.4 Hydroxylation and epoxidation reactions 
 
A key-step in the preparation of thiosugar analogs from the 3,6-dihydro-2H-thiopyran ring 
system involves the functionalization of the olefinic bond in these compounds. Special 
attention was given to the cis-dihydroxylation of this bond, since this would lead directly to 
dideoxy thiosugars. Epoxidation of the olefinic bond and subsequent hydrolytic oxirane ring-
opening is a conceivable method for the preparation of trans-hydroxy thiosugar analogs.  
 
The most versatile cis-dihydroxylation of olefinic bonds is the Sharpless osmylation method 
using a catalytic amount of OsO4 in the presence of chiral tertiary amine ligand and 
potassium ferricyanide as a stoichiometric reoxidant in a two phase system of tert-butyl 
alcohol and water.[14,15] Various chiral ligands have been developed for this asymmetric 
dihydroxylation reaction,[14,15,16] e.g. dihydroquinidine (DHQD) and its pseudoenantiomeric 
dihydroquinine (DHQ) attached to phthalazine (PHAL)[16a] (Figure 6.1). 
 
N
H
N
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N
OAlk*
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N
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Figure 6.1 
 
Two examples of a cis-dihydroxylation reaction involving 3,6-dihyrothiopyrans have already 
been reported. Hay et al.[5d] treated 2-cyano-2-methylthio-3-methoxy-3,6-dihydro-2H-pyran 
with a stoichiometric amount of osmium tetraoxide in pyridine, a system which is unreactive 
towards sulfur.[17] After reduction of the initially formed osmate ester with sodium 
hydrogensulfite the dihydroxylated product was obtained in 70% yield after recrystallization 
(Scheme 6.4). 
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[ref. 5d]
 
Scheme 6.4 
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 The same reaction sequence was used by Kirby et al.[6] for the dihydroxylation of two 
diastereomeric 3,6-diacetoxy-3,6-dihydrothiopyrans (Scheme 6.5). The 2,3-syn-substrate 
gave the corresponding diol as a single product by attack of the osmium tetraoxide from the 
least hindered side of the molecule. This product could be converted into a racemic 6-
thiashikimic acid derivative. The 2,3-anti-isomer likewise afforded the corresponding cis-
diol. However, this major product was accompanied by an isomeric by-product arising from 
1,2-migration of an acetyl group (see Scheme 6.5, bottom line). The configuration of the diols 
shown in Scheme 6.5 was confirmed by an X-ray crystal structure analysis. 
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Scheme 6.5 
 
For the present study first a stoichiometric dihydroxylation of dihydothiopyran 2b was 
considered adopting the procedure of Hay et al.[5d] (1 equivalent of OsO4 in pyridine). Two 
diastereomeric 4,5-dihydroxy-tetrahydrothiopyrans 4b and 5b were isolated in a moderate 
overall yield of 30% (Scheme 6.6). The ratio of the anti isomer 4b and the syn diol 5b was 
2:1. It is noteworthy that the bis-acetates studied by Hay et al.[5d] give much better yields. An 
explanation for this observation can not be given. 
 
S
CH3
CO2Me
S
CH3
OH
OH CO2Me
S
CH3
OH
OH CO2Me
+
2b 4b 5b
1. OsO4 / pyridine, 22 h
2. NaHSO3 / H2O, 4 h
 
Scheme 6.6 
 
Although this result is encouraging it suffers from the fact that a stoichiometric amount of 
the highly toxic and expensive OsO4 is needed. Hence, attention was turned to the catalytic 
osmylation procedure. When mild co-oxidants (viz. potassium ferricyanide) are used the 
overoxidation of the sulfur atom can be avoided for a great deal.[18] Chemoselective reactions 
with olefinic bonds in sulfur containing substrates have been reported.[19]  
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 Experiments were conducted with two differently substituted 2-methoxycarbonyl-3,6-
dihydro-2H-thiopyrans 2, applying either the racemic Yamamoto[20] procedure without 
added amines (method A) or the standard AD-reaction according to Sharpless[15] (method B). 
The results are collected in Table 6.3. 
 
Table 6.3 Catalytic (asymmetric) dihydroxylation of 2-methoxycarbonyl-3,6-dihydro-2H-
thiopyrans 2 
S
R
CO2Me
S
R
OH
OH CO2Me
A or B a S
R
OH
OH CO2Me  
+
S
R
OH
O
O
2 4 5 6  
substrate R methoda time 
(d) 
yield 4 
(%) 
e.e. 4 
(%)b 
yield 6  
(%)c 
2b 
2b 
2c 
2c 
Me 
Me 
Ph 
Ph 
A 
B 
A 
B 
3 
1 
4 
2 
35 
73 
48 
20 
- 
22 
- 
10 
10 
21 
28 
11 
a Method A: 300 mol% K2CO3, 300 mol% K3Fe(CN)6, 4 mol% OsO4, t-BuOH / H2O (1:1, v/v) (Yamamoto 
conditions); Method B: 300 mol% K2CO3, 300 mol% K3Fe(CN)6, 100 mol% CH3SO2NH2, 2.5 mol % 
(DHQ)2PHAL, 1 mol% K2OsO2(OH)4⋅2H2O, t-BuOH / H2O (1:1, v/v) (Sharpless conditions). b Enantiomeric 
excesses were determined by HPLC; the absolute configuration of the major enantiomer was not determined. c 
Enantiomeric excesses were not determined. 
 
Both procedures led to the formation of a mixture of anti-cis-diol 4 and syn-cis-diol 5 
(isolated as 6) in moderate to good overall yields while no oxidation of the sulfur atom was 
observed. In all cases the intermediate syn-diol 5 underwent an in situ lactonization to the 
bicyclic compound 6. The formation of the anti-cis-diol 4 was favored. This diastereofacial 
selectivity may be attributable to electrostatic and steric factors. The preferred attack of the 
dihydroxylating agent from the side opposite to the 2-methoxycarbonyl group probably 
arises from electrostatic interactions, because this group has a relative small steric volume 
compared with the methyl or phenyl substituent in entries 3 and 4, but has different 
electrostatic properties. The discrease in face selectivity for R is a phenyl group as compared 
with a methyl group can for the greater part be explained by an increase in steric volume.  
 
The racemic procedure (method A) gave less satisfactory results, the yields were lower and 
prolonged reaction times were needed. This was expected since it is known that the 
dihydroxylation is accelerated by a tertiary amine.[20,21]  
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 The observed enantiomeric excess of the diols 4, obtained during the asymmetric 
dihydroxylation, were poor. The use of a different ligand system may lead to improved e.e.’s. 
The enantiomeric excess of the lactones 6 were expected to be in the same poor range and 
therefore not determined. 
 
In order to prepare thiosugar analogs the hydroxylated products 4 and 6 must undergo a 
reduction to obtain the required CH2OH substituted product. Reduction with lithium 
aluminium hydride is most appropriate. The results are shown in Scheme 6.7.  
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Scheme 6.7 
 
The conformation of the thus obtained thiosugar analogs 7 could be deduced from their 1H-
NMR spectra. The relatively high coupling constant between one of the hydrogen atom at C-3 
with the proton at C-4 of approx. 11 Hz (see Experimental) is typical for two axial protons in 
a six-membered ring system, indicating a 5C2-conformation.[5d] The alternative 2C5-conformer 
probably is destabilized by a nonbonded interaction between the 4-hydroxy and the 2-methyl 
or 2-phenyl substituents (Scheme 6.8). 
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Scheme 6.8 
 
The preferred conformation of the syn-diols 8 could not be unambiguously deduced from 
their NMR-behavior. 
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 It is of interest to study the cis-dihydroxylation in dihydrothiopyrans in which the ester 
function is reduced to the CH2OH group, since this will directly lead to thiosugar analogs. 
This reduction can be achieved by lithium aluminium hydride in moderate to high yields 
(Table 6.4). 
 
Table 6.4  Reduction of 3,6-dihydro-2H-thiopyrans 2 and their S-oxides 1 with lithium 
aluminium hydride 
S
CH2OH
R
LiAlH4
THF
1,2 9
S
O
R
CO2Me
(   )n
 
substrate n R T (°C) time (h) product yield (%) 
1b 
1c 
1d 
1 
1 
1 
Me 
Ph 
CO2Me 
     0 → rt 
     0 → rt 
  -78 → rt 
18 
18 
18 
9b 
9c 
 9da 
98 
51 
28 
2b 
2c 
0 
0 
Me 
Ph 
     0 → rt 
     0 → rt 
  3 
  3 
9b 
9c 
96 
61 
a R = CH2OH 
 
The sulfoxides 1 loose their oxygen to give the same products 9 as obtained from the 
dihydrothiopyrans 2. Some loss of yield may be due to a deformylation (retro aldol reaction) 
induced by the basic conditions during the work-up of the LiAlH4 reaction. Such 
deformylations were observed previously by Rewinkel[7] and de Laet.[8] 
 
Table 6.5 Catalytic (asymmetric) dihydroxylation of 2-hydroxymethyl-3,6-dihydro-2H-
thiopyrans 9 
 
S
R
CH2OH
S
R
CH2OH
OH
OH
AD-mixa S R
CH2OH
OH
OH
+
9 7 8  
substrate R time (d) products yield 7 + 8 (%) ratio 7 : 8b 
9b 
9c 
9d 
Me 
Ph 
CH2OH 
1 
2 
8 
7b + 8b 
7c + 8c 
7d + 8d 
20 
41 
-c 
75:25 
45:55 
- 
a AD-mix: 300 mol% K2CO3, 300 mol% K3Fe(CN)6, 100 mol% CH3SO2NH2, 3 mol % (DHQ)2PHAL, 3 mol% 
K2OsO2(OH)4⋅2H2O, t-BuOH / H2O (1:1, v/v). b Determined by NMR; enantiomeric excesses were not 
determined. c No reaction was observed (GLC, TLC). 
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 Subjecting the 2-hydroxymethyl-3,6-dihydro-2H-thiopyrans 9 to the Sharpless asymmetric 
dihydroxylation conditions led to disappointingly low yields of dihydroxylated products 7 
and 8 (Table 6.5). Difficulties during work-up, especially the extraction from the aqueous 
layer, are the main reason for these low yields. Substrate 9d did not show any reaction at all. 
The route via the dihydroxylation of the methoxycarbonyl substrates 2 is clearly preferred 
for the preparation of thiosugar analogs. 
 
As mentioned in the introduction of this Section, epoxidation of the olefinic bond in 3,6-
dihydro-2H-thiopyrans followed by hydrolysis is an alternative approach to dihydroxylation. 
Therefore, attempts were made to epoxidize dihydrothiopyrans 1 and 2, having different 
oxidation states of the sulfur atom, with several oxidizing agents. The results of these 
experiments are collected in Table 6.6. 
  
Table 6.6 Attempted epoxidation of 3,6-dihydro-2H-thiopyran 2d, its S-oxide 1d, or S,S-
dioxide 10 
 
reagent
solvent +
not formed1d,2d,10 1d,10
S
O
O
CO2Me
CO2Me
(   )x
S
O
CO2Me
CO2Me
(   )nS
O
CO2Me
CO2Me
(   )m
 
 
substr
. 
m reagent solvent T  
(°C) 
time 
(h) 
product n Yield 
(%) 
2d 
 
1d 
10 
0 
 
1 
2 
t-BuOOH / 
Ti(OiPr)4a 
m-CPBA 
m-CPBA 
CH2Cl2 
 
CH2Cl2 
ClCH2CH2Cl 
0 → rt 
 
0 → rt 
reflux 
18 
 
24 
24 
     1d + 
10 
10 
10 
1 
2 
2 
2 
55 
43 
84 
-b 
a The reaction was carried out in the presence of powdered 4Å molsieves. b No reaction was observed (TLC). 
 
 
The attempted epoxidation of substrate 2d with tert-butyl hydroperoxide in the presence of 
Ti(OiPr)4 only led to oxidation of the sulfur. Epoxidation of 1d with meta-chloroperbenzoic 
again gave only the corresponding sulfone 10. No sign of epoxidation could be detected, even 
when sulfone 10 was treated with m-CPBA at elevated temperatures. Therefore, this 
approach to dihydroxy compounds cannot be followed for the dihydrothiopyrans. 
Such inertness of dihydrothiopyrans towards electrophilic epoxidizing agent is striking as the 
carbon-carbon double bond in either monocyclic or bicyclic unsaturated six-membered 
heterocyclic sulfones undergo facile epoxidation.[22] However, several examples have been 
reported showing the same unreactivity of similar substrates in electrophilic addition 
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 reactions.[23] Hay et al.[23c] extensively studied the reactivity of the endocyclic double bond in 
both rigid, and conformationally mobile, monocyclic sulfur heterocycles in terms of 
electrostatic (field) effects,[24] inductive effects[24b] and the "supra-annular effect".[25] He 
concluded that the "supra-annular effect" is the most prominent controlling factor with 
respect to the olefinic reactivity of 2-methylthio-3,6-dihydro-2H-thiopyran S,S,S',S'-
tetraoxides. The cyclic sulfone 10 differs from the substrates studied by Hay et al.[23c] only by 
the substituents at the 2-position, i.e. a methoxycarbonyl group instead of a methylsulfone 
moiety. The carbonyl group, just like the sulfone, is suitably situated with respect to the 
double bond so as to impart a "supra-annular effect" with concomitant deactivation of the 
olefinic bond arising from partial overlapping of the electron-deficient π-orbital of this group 
and the π-orbital of the double bond (Figure 6.2). Hence, the inertness of thiopyran S,S-
dioxide 10 probably can for a great part be attributed to a "supra-annular effect". This 
"supra-annular effect" is maximized in the half-chair conformation (cf. Figure 6.2), which is 
suggested to be the favored conformation of 3,6-dihydro-2H-thiopyran S,S-dioxides in 
solution.[23c]  
[ref. 23c] 10
S
O
O
S
R
Me
O
O
-
-
++ S
O
O
O OMe
CO2Me
-
-
++
 
Figure 6.2 
 
 
The contribution of inductive electron-withdrawal to the reactivity of sulfone 10 probably is 
small, since all electron-withdrawing groups in this compound are separated from the ring 
double bond by at least two σ-bonds. Also an electrostatic field effect caused by the positively 
charged sulfur atom does not play an important role, since corresponding non-substituted 
cyclic sulfones displayed reactivity to electrophiles.[26] However, the influence of both 
inductive and field effects cannot be entirely excluded. 
 
 
6.5 Concluding remarks 
 
In this Chapter the synthetic utility of 3,6-dihydro-2H-thiopyran S-oxides was further 
extended. It was shown that functionalized 3,6-dihydro-2H-thiopyran S-oxides could 
chemoselectively be reduced to their corresponding cyclic sulfides. The enzymatic resolution 
of acetoxy-3,6-dihydro-2H-thiopyrans and their S-oxides with Lipase PS was unsuccessful.  
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 Dihydroxylation of 2-methoxycarbonyl-3,6-dihydro-2H-thiopyrans with a stoichiometric 
amount of osmium tetraoxide chemoselectively led to a diastereomeric mixture of the 
corresponding syn-cis and anti-cis cyclic diols in a moderate yield. A catalytic process using 
either Yamamoto[20] or asymmetric Sharpless[15] conditions offered an attractive alternative. 
Again a diastereomeric mixture of cyclic diols was obtained, however, the isomer with the 2-
methoxycarbonyl substituent syn to both hydroxyl groups underwent an in situ 
intermolecular esterification affording a bicyclic lactone. The lactonization reaction could be 
avoided by performing a Sharpless-type dihydroxylation with analogs 2-hydroxymethyl-3,6-
dihydro-2H-thiopyrans. However, the corresponding dihydroxylated heterocycles were 
obtained in lower yield. 2-Hydroxymethyl-dihydrothiopyrans could be obtained in moderate 
to good yields by reduction of the corresponding 2-methoxycarbonyl cyclic sulfides or 
sulfoxides with lithium aluminium hydride. Reduction of the 2-methoxycarbonyl cyclic diols 
as well as the bicyclic lactones with the same reagent was also successful.   
 
The different reduction and dihydroxylation sequences led to the synthesis of two 
diastereomeric pairs of dideoxy thiohexoses. The route via the dihydroxylation of 2-
methoxycarbonyl-3,6-dihydro-2H-thiopyrans (see Scheme 6.1) turned out to be the most 
promising one for further elaboration. Further studies should also include 3,6-dihydro-2H-
thiopyrans with oxygen substituents at C-3 and C-6. 
 
Attempts to epoxidize the olefinic bond were unsuccessful. In all cases oxidation preferably 
took place at sulfur. The inertness towards electrophilic epoxidation can be tentatively 
contributed to a "supra-annular" effect. 
 
 
6.6 Experimental 
 
General remarks 
Chromatography was carried out on a column (length 15-25 cm and diameter 1-4 cm), using Merck 
Kieselgel 60 at atmospheric pressure. Thin layer chromatography (TLC) was carried out on Merck 
precoated silicagel 60 F254 plates (layer thickness 0.25 mm). Spots were visualized with UV or by 
treatment with molybdate reagent. GLC was conducted with a Hewlett-Packard HP5890II gas 
chromatograph, using a capillary column (HP1, 25m × 0.31mm × 0.17µm), a temperature program: 
100-250°C at a rate of 15°C/min, and nitrogen at 2 mL/min (0.5 atm) as the carrier gas. Melting 
points were measured with a Reichert Thermopan microscope and are uncorrected. The 1H- and 13C-
NMR spectra were recorded on a Bruker AC 100 (FT), or on a Bruker AC 300 (FT) spectrometer. The 
chemical shift (δ) is given in ppm relative to the internal standard (Me4Si for 1H-NMR, CDCl3 for 13C-
NMR). IR spectra were recorded on a Perkin-Elmer 298 infrared spectrophotometer. The wave 
number (ν) is given in cm-1. For (high resolution) mass spectra a double focusing VG7070E mass 
spectrometer was used. Electron impact (EI) or chemical ionization (CI, ionization gas: CH4) was used 
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 as ionization mode. GC-MS spectra were run on a Varian Saturn 2 GC-MS ion-trap system. Separation 
was carried out on a fused-silica capillary column (DB-5, 30m × 0.25mm). Helium was used as carrier 
gas, and electron impact (EI) was used as ionization mode. Elemental analyses were performed on a 
Carlo Erba Instruments CHNS-O EA 1108 element analyzer. Optical rotations were measured with a 
Perkin Elmer 241 polarimeter at a wavelength of 589 nm. Enantiomeric excesses were determined by 
HPLC performed on a Spectra Physics HPLC system equipped with a Chiralcel OD-H column (length: 
250 mm, internal diameter: 4.6 mm, particle size: 5 µm, stationary phase: cellulose carbamate) using 
filtered mixtures as mobile phase at ambient temperature. Detection was at 254 nm and flow rates 
between 0.5 and 1.5 mL/min were used. For the nomenclature of the cyclic stereoisomers of the 3,6-
dihydro-2H-thiopyrans, the rules as described in reference 27 were applied. 
 
Solvents 
Tetrahydrofuran (THF) was freshly distilled from lithium aluminium hydride. Dichloromethane was 
distilled from phosphorus pentoxide. Hexane was distilled from calcium hydride. Ethyl acetate was 
distilled from potassium carbonate. Pyridine was distilled from calcium hydride and stored over 
potassium hydroxide. The 0.1N phosphate buffer (pH=7.2) was prepared from sodium 
dihydrogenphosphate and disodium hydrogenphosphate. All other solvents were of analytical grade 
and were used without any further purification.  
 
Reagents 
meta-Chloroperbenzoic acid was purchased from Acros in technical grade (70-75%). tert-Butyl 
hydroperoxide was purchased from Aldrich as a 5.0-6.0 M solution in decanes. Lipase PS was a 
generous gift from Amano Enzyme Europe Ltd. Osmium tetraoxide was purchased in analytical grade, 
or as a solution in tert-butyl alcohol (2.5% w/w). All other reagents were purchased and used without 
further purification. 
 
General procedure for the synthesis of 3,6-dihydro-2H-thiopyran S-oxides 1 
The synthesis of 3,6-dihydro-2H-thiopyran S-oxides 1a-f was described in the Experimental Section of 
Chapters 2 and 3. The dihydrothiopyran S-oxide 1a is corresponding with compound 4fII in Chapter 2. 
The dihydrothiopyran S-oxide 1c is corresponding with compounds 4hII in Chapter 2 and compound 3b 
in Chapter 3. The dihydrothiopyran S-oxides 1b, 1d, 1e, 1f, and 1h are corresponding to compounds 3a, 
3c, 11aI, 11cI and 8aI in Chapter 3, respectively. The dihydrothiopyran S-oxide 1g was prepared by a 
Diels-Alder reaction between bis(methoxycarbonyl) sulfine and trans-1-ethoxycarbonyloxy-1,3-butadiene. 
 
General procedure for the selective reduction of 3,6-dihydro-2H-thiopyran S-oxides 1 to the 
corresponding 3,6-dihydro-2H-thiopyrans 2 
Following the mild procedure described by Drabowicz and Oae[9], thiopyran S-oxide 1 was dissolved in 
acetone (ca. 4 mL/mmol) and sodium iodide (2.5 equiv.) was added at once. The mixture was cooled to 
0°C and a solution of trifluoroacetic acid anhydride (2.0 equiv.) in acetone (ca. 2 mL/mmol) was added 
dropwise. The reaction was monitored by thin layer chromatography. After all of the thiopyran S-oxide 1 
was consumed (<30 min), the mixture was concentrated in vacuo. Water was added and the mixture was 
extracted three times with diethyl ether. The combined organic layers were washed two times with an 
aqueous sodium thiosulfate solution (2% w/v) and with water, and finally dried over MgSO4 and 
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 concentrated in vacuo. The resulting crude product was purified using column chromatography. Note: the 
glassware used was oven-dried, assembled under argon, and additionally dried with a heatgun; the 
reaction was carried out in an inert atmosphere of argon.  
 
2-Methoxycarbonyl-3,6-dihydro-2H-thiopyran (2a) 
Starting from 2-methoxycarbonyl-3,6-dihydro-2H-thiopyran S-oxide 1a (1.0 g, 5.7 mmol) compound 2a 
was obtained as a colorless oil (0.8 g, 88%) after column chromatography with hexane / ethyl acetate (6:1, 
v/v).  
IR(CCl4): ν 1735 (C=O). 1H-NMR(100 MHz, CDCl3): δ 2.53-2.61 (m, 2H, =CH-CH2-CH), 3.18-3.32 (m, 2H, 
=CH-CH2-S), 3.66 (t, 3J=6.0 Hz, 1H, CH2-CH-S), 3.76 (s, 3H, OCH3), 5.72-6.00 (m, 2H, CH=CH). GC-
MS(EI): m/e 158 (M+, 49%), 99 (M+-CO2CH3, 100%). HR-MS(EI): m/e calculated for C7H10O2S: 
158.04015 amu; found: 158.04071±0.00093 amu. 
 
2-Methoxycarbonyl-2-methyl-3,6-dihydro-2H-thiopyran (2b) 
Starting from 2-methoxycarbonyl-2-methyl-3,6-dihydro-2H-thiopyran S-oxide 1b (0.84 g, 4.46 mmol) 
compound 2b was obtained as a colorless oil (0.68 g, 88%) after column chromatography with hexane / 
ethyl acetate (9:1, v/v).  
IR(CCl4): ν 1735 (C=O). 1H-NMR(100 MHz, CDCl3): δ 1.54 (s, 3H, C-CH3), 2.18-3.46 (m, 4H, 2×CH2), 3.74 
(s, 3H, OCH3), 5.70-5.96 (m, 2H, CH=CH). 13C-NMR (25 MHz, CDCl3) δ 25.4 (q, C-CH3), 25.6 (t, S-CH2), 
35.5 (t, =CH-CH2-C), 45.0 (s, C-CH3), 52.4 (q, OCH3), 122.2 and 126.4 (d, CH=CH), 174.1 (s, C=O). GC-
MS(EI): m/e 172 (M+, 13%), 113 (M+-CO2CH3, 100%). HR-MS(EI): m/e calculated for C8H12O2S: 
172.05580 amu; found: 172.0558±0.00010 amu. 
 
2-Methoxycarbonyl-2-phenyl-3,6-dihydro-2H-thiopyran (2c) 
The synthesis of compound 2c was described in the Experimental Section of Chapter 5 (compound 2fI). 
 
2,2-dimethoxycarbonyl-3,6-dihydro-2H-thiopyran (2d) 
Starting from 2,2-dimethoxycarbonyl-3,6-dihydro-2H-thiopyran S-oxide 1d (1.4 g, 6.0 mmol) compound 
2d was obtained as a colorless oil (1.2 g, 92%) after column chromatography with hexane / ethyl acetate 
(6:1, v/v).  
IR(CCl4): ν 1735 (2×C=O). 1H-NMR(100 MHz, CDCl3): δ 2.80-2.82 (m, 2H, =CH-CH2-CH), 3.20-3.25 (m, 
2H, =CH-CH2-S), 3.80 (s, 3H, OCH3), 5.84-5.88 (m, 2H, CH=CH). 13C-NMR (25 MHz, CDCl3) δ 25.6 (t, S-
CH2), 31.6 (t, =CH-CH2-C), 53.3 (q, OCH3), 54.7 (s, C-(CO2CH3)2, 122.5 and 125.5 (d, CH=CH), 174.1 (s, 
C=O). MS(CI): m/e 217 (M++1, 19%), 157 (M+-CO2CH3, 100%), 97 (C5H5S+, 56%). 
 
r-2-Methoxycarbonyl-2-methyl-t-3-acetoxy-3,6-dihydro-2H-thiopyran (2e) 
Starting from 2-methoxycarbonyl-2-methyl-3-acetoxy-3,6-dihydro-2H-thiopyran S-oxide 1e (0.24 g, 0.97 
mmol) compound 2e was obtained as a colorless oil (0.12 g, 53%) after column chromatography with 
hexane / ethyl acetate (6:1, v/v).  
IR(CCl4): ν 1740 (2×C=O). 1H-NMR(100 MHz, CDCl3): δ 1.54 (s, 3H, C(CO2CH3)CH3), 2.10 (s, 3H, 
OC(=O)CH3) 3.18-3.24 (m, 2H, S-CH2), 3.75 (s, 3H, OCH3), 5.64-6.11 (m, 3H, CH=CH-CH). MS(CI): m/e 
231 (M++1, 1%), 171 (M+-CO2CH3 and M+-OC(=O)CH3, 37%), 111 (C5H4SCH3+, 100%). 
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 2,2-dimethoxycarbonyl-3-acetoxy-3,6-dihydro-2H-thiopyran (2f) 
Starting from 2,2-dimethoxycarbonyl-3-acetoxy-3,6-dihydro-2H-thiopyran S-oxide 1f (0.73 g, 2.5 mmol) 
compound 2f was obtained as a slightly yellow oil (0.55 g, 80%) after column chromatography with 
hexane / ethyl acetate (6:1→3:1, v/v). The oil solidified on standing. Recrystallization from diisopropyl 
ether provided analytically pure 2f as a white solid. 
Mp. 91.5-92.5°C. IR(KBr): ν 1735 (2×C=O). 1H-NMR(100 MHz, CDCl3): δ 2.08 (s, 3H, OC(=O)CH3), 3.13-
3.76 (m, 2H, S-CH2), 3.82 and 3.91 (s, 3H, OCH3), 5.65-6.27 (m, 2H, CH=CH-CH), 6.13 (s, 1H, CH=CH-
CH). 13C-NMR (25 MHz, CDCl3) δ 20.9 (q, C(=O)CH3), 25.4 (t, S-CH2), 53.6 (q, 2×OCH3), 59.2 (s, C-
(CO2CH3)2, 65.2 (d, CH=CH-CH), 125.3 and 127.8 (d, CH=CH), 166.5, 166.9 and 174.1 (s, 3×C=O). 
MS(CI): m/e 275 (M++1, <1%), 215 (M+-CO2CH3 and M+-OC(=O)CH3, 17%, 155 (C5H4SOC(=O)CH3+, 
100%). Elemental analysis: calculated for C11H14O6S (274.294): C 48.17, H 5.14, S 11.69; found C 48.15, H 
5.06, S 11.36. 
 
2,2-dimethoxycarbonyl-3-ethoxycarbonyloxy-3,6-dihydro-2H-thiopyran (2g) 
Starting from 2,2-dimethoxycarbonyl-3-ethoxycarbonyloxy-3,6-dihydro-2H-thiopyran S-oxide 1g (0.7 g, 
2.2 mmol) compound 2g was obtained as a slightly yellow solid (0.6 g, 90%) after column 
chromatography with hexane / ethyl acetate (6:1→4:1, v/v). Recrystallization from diisopropyl ether 
provided analytically pure 2g as white crystals. 
Mp. 71-72°C. IR(KBr): ν 1730 and 1740 (C=O). 1H-NMR(100 MHz, CDCl3): δ 1.29 (t, 3J=7.2 Hz, 3H, 
OCH2CH3), 3.16-3.21 (m, 2H, S-CH2), 3.80 and 3.81 (s, 3H, OCH3), 4.19 (q, 3J=7.2 Hz, 2H, OCH2CH3), 
5.64 (d, 2J=4.3 Hz, 1H, CH=CH-CH) 5.94-6.27 (m, 2H, CH=CH-CH). 13C-NMR (25 MHz, CDCl3) δ 14.1 (q, 
OCH2CH3), 25.3 (t, S-CH2), 53.5 (q, 2×OCH3), 58.6 (s, C-(CO2CH3)2, 64.3 (t, OCH2CH3), 68.2 (d, CH=CH-
CH), 124.6 and 126.3 (d, CH=CH), 154.1 (s, C=O-carbonate), 166.5 and 166.9 (s, C=O-ester). MS(CI): m/e 
305 (M++1, <1%), 215 (M+-OC(=O)OCH2CH3), 183 (83%), 155 (C5H4SCO2CH3+, 100%). Elemental 
analysis: calculated for C12H16O7S (304.320): C 47.36, H 5.30, S 10.54; found C 47.34, H 5.26, S 10.39. 
 
r-2-Methoxycarbonyl-2-methyl-t-3,t-6-diacetoxy-3,6-dihydro-2H-thiopyran (2h) 
Starting from 2-methoxycarbonyl-2-methyl-3,6-diacetoxy-3,6-dihydro-2H-thiopyran S-oxide 1h (0.38 g, 
1.25 mmol) compound 2h was obtained as a slightly yellow solid (0.18 g, 50%) after column 
chromatography with hexane / ethyl acetate (6:1→3:1, v/v).  
IR(KBr): ν 1730 (broad, C=O). 1H-NMR(100 MHz, CDCl3): δ 1.71 (s, 3H, C(CO2CH3)CH3), 2.10 (s, 6H, 
2×OC(=O)CH3), 3.73 (s, 3H, OCH3), 5.67-6.17 (m, 4H, CH-CH=CH-CH). 13C-NMR (25 MHz, CDCl3) δ 19.3 
(q, C(CO2CH3)CH3), 20.7 and 21.0 (q, 2×C(=O)CH3), 47.8 (s, C(CO2CH3)CH3), 53.2 (q, OCH3), 67.9 and 
71.2 (d, CH-CH=CH-CH), 124.3 and 131.2 (d, CH=CH), 169.7 and 171.2 (s, 3×C=O). GC-MS(CI): m/e 288 
(M+, <1%), 229 (M+-OAc or M+-CO2CH3, 1%), 169 (20%), 127 (100%), 111 (12%). 
 
Attempted enzymatic resolution of 2,2-dimethoxycarbonyl-3-acetoxy-3,6-dihydro-2H-thiopran 2f 
and its S-oxide 1f 
Buffer: 0.1N Phosphate buffer pH=7.2. Solvents (ratio buffer:solvent) and reaction temperature: i. 
CH2Cl2 / n-BuOH (3:1 v/v) (no buffer was used) at 20°C; ii. acetone (9:1 v/v) at 20°C; iii. acetone (2:1 
v/v) at 20°C; iv. acetone (2:1 v/v) at 37°C; v. acetone (4:1 v/v) at 37°C. The substrate 1f or 2f was 
dissolved in the solvent/buffer-solution (10 mL/mmol). Lipase PS (100 mg/mmol substrate) was added at 
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 once and the reaction mixture was stirred for several days at the indicated temperature. The reactions 
were monitored with TLC; in all cases no conversion was observed 
 
2-Methoxycarbonyl-2-methyl-3-acetoxy-4-(2-oxo-ethyl)-thiethane (3) 
Method i: 2-Methoxycarbonyl-2-methyl-3,6-diacetoxy-3,6-dihydro-2H-thiopyran 2h (29 mg, 0.10 mmol) 
was dissolved in 450 µL phosphate buffer (0.1N, pH=7.2) and 50 µL acetone. Lipase PS (20 mg) was 
added at once and the reaction mixture was stirred at ambient temperature for 3 days. Next, the mixture 
was filtered and the filtrate was extracted three times with dichloromethane. Finally, the combined 
organic layers were dried over MgSO4, filtered and concentrated in vacuo. Compound 3, was obtained as a 
colorless oil (22 mg, 89%), consisting of a mixture of two diastereoisomers (70:30, NMR) 
Method ii: 2-Methoxycarbonyl-2-methyl-3,6-diacetoxy-3,6-dihydro-2H-thiopyran 2h (20 mg, 0.07 
mmol) was dissolved in a mixture of tetrahydrofuran (0.70 mL), water (0.70 mL) and an aqueous 
hydrogen chloride solution (1.0N, 0.14 mL). The reaction mixture was stirred at ambient temperature for 
18 hours. Next, the mixture was extracted three times with dichloromethane. Finally, the combined 
organic layers were dried over MgSO4, filtered and concentrated in vacuo. Compound 3 was obtained as a 
colorless oil (13 mg, 76%), consisting of a mixture of two diastereoisomers (70:30, NMR). 
 
Major isomer: 1H-NMR(300 MHz, CDCl3): δ 1.58 (s, 3H, C-CH3), 2.12 (s, 3H, C(=O)CH3), 2.98-3.07 (m, 
2H, CH2), 3.79 (s, 3H, OCH3), 3.88-3.95 (m, 1H, CH-CH-CH2), 5.67 (d, 3J=5.0 Hz, 1H, CH-CH-CH2), 9.75 
(s, 1H, C(=O)H). 
Minor isomer: 1H-NMR(300 MHz, CDCl3): δ 1.62 (s, 3H, C-CH3), 2.15 (s, 3H, C(=O)CH3), 3.24-3.32 (m, 
2H, CH2), 3.81 (s, 3H, OCH3), 4.37-4.43 (m, 1H, CH-CH-CH2), 6.10 (d, 3J=5.1 Hz, 1H, CH-CH-CH2), 9.79 
(s, 1H, C(=O)H). 
Mixture of diastereoisomers:  IR(KBr): ν 1730 (broad, C=O). MS(CI): m/e 247 (M++1, 1%), 246 (M+, 2%), 
187 (M+-CO2CH3 or M+-OC(=O)CH3, 13%), 159 (m/e 187-C=O), 100%), 153 (57%), 127 (27%).  
 
Dihydroxylation of 2-methoxycarbonyl-2-methyl-3,6-dihydro-2H-thiopyran 2b with a stoichiometric 
amount of osmium tetraoxide 
 
r-2-Methoxycarbonyl-2-methyl-t-4,t-5-dihydroxy-tetrahydro-thiopyran (4b) 
r-2-Methoxycarbonyl-2-methyl-c-4,c-5-dihydroxy-tetrahydro-thiopyran (5b) 
The procedure of Hay[5d] and Kirby[6] was followed. First, a solution of osmium tetraoxide (254 mg, 
0.98 mmol) in pyridine (2.5 mL) was prepared. 3,6-Dihydro-2H-thiopyran 2b (169 mg, 0.98 mmol) was 
dissolved in this solution and the mixture was stirred at ambient temperature for a period of 22 hours. 
Next, pyridine (5 mL), water (7.5 mL) and sodium disulfite (2 mmol) were added and the mixture was 
stirred for an additional period of 4 hours. Then, the mixture was extracted six times with 
dichloromethane and the combined organic layers were washed with brine, dried over MgSO4, and 
concentrated in vacuo. The resulting mixture of diastereoisomers was separated purified by column 
chromatography affording compound 4b (40 mg, 20%, 'slow moving') as a white solid, and compound 5b 
(20 mg, 10%, 'fast moving') as a white solid. 
Compound 4b: All spectral data were in agreement with those obtained by the catalytic dihydroxylation of 
the same substrate (vide infra). 
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 Compound 5b: 
Mp. 73-74°C. IR(KBr): ν 3375 (broad, OH), 1725 (C=O). 1H-NMR(300 MHz, (CD3)2C=O): δ 1.38 (s, 3H, C-
CH3), 1.94 (dd, 2J=14.1 Hz, 3J=2.6 Hz, 1H, C-CHAHB-C), 2.38 (dd, 2J=13.2 Hz, 3J=3.9 Hz, 1H, C-CHAHB-S, 
equatorial), 2.67 (dd, 2J=14.1 Hz, 3J=5.4 Hz, 1H, C-CHAHB-C), 2.90 and 2.93 (br. s, OH), 3.07 (dd, 2J=13.2 
Hz, 3J=10.1 Hz, 1H, C-CHAHB-S, axial), 3.66 (s, 3H, OCH3), 3.72-3.76 and 3.85-3.90 (m, 2H, CH2-CH-CH-
CH2). 13C-NMR (75 MHz, (CD3)2C=O) δ 27.1 (q, C-CH3), 29.6 (t, S-CH2,), 45.7 (t, =CH-CH2-C), 47.6 (s, C-
CH3), 53.3 (q, OCH3), 69.6 and 71.0 (d, CH-CH), 175.0 (s, C=O). Elemental analysis: calculated for 
C8H14O4S (206.263): C 46.59, H 6.84, S 15.55; found C 46.95, H 6.94, S 15.69. 
 
General procedure for the catalytic dihydroxylation of 2-methoxycarbonyl-3,6-dihydro-2H-
thiopyrans 2 
Method A (Yamamoto[20] conditions): The 2-methoxycarbonyl-3,6-dihydro-2H-thiopyran 2, potassium 
ferricyanide (3 equiv.), potassium carbonate (3 equiv.), and a solution of osmium tetraoxide in tert-butyl 
alcohol (2.5 w/w, 4 mol%, were dissolved in a mixture of water (5 mL/mmol) and tert-butyl alcohol (5 
mL/mmol). The mixture was stirred at ambient temperature for the indicated time (Table 6.3). Next, 
sodium sulfite (1 equiv.) and a saturated aqueous solution of sodium hydrogensulfite (ca. 5 mL/mmol) 
were added and the mixture was stirred for 1 hour. Then, the mixture was extracted three times with ethyl 
acetate. Finally, the combined organic layers were subsequently washed with brine, dried over MgSO4, 
filtered and concentrated in vacuo. The resulting crude product was purified using column 
chromatography. 
Method B (Sharpless[15] conditions): Potassium ferricyanide (3 equiv.), potassium carbonate (3 equiv.), 
methylsulfonamide (1 equiv.), (DHQ)2PHAL (2.5 mol%) and potassium osmate dihydrate (1 mol%) were 
dissolved in a mixture of water (5 mL/mmol) and tert-butyl alcohol (5 mL/mmol) and the 2-
methoxycarbonyl-3,6-dihydro-2H-thiopyran 2 was added at once. The mixture was stirred at ambient 
temperature for the indicated time (Table 6.3). Next, sodium sulfite (1 equiv.) was added and the mixture 
was stirred for 1 hour. Then, the mixture was extracted three times with ethyl acetate. Finally, the 
combined organic layers were subsequently washed with brine, dried over MgSO4, filtered and 
concentrated in vacuo. The resulting crude product was purified using column chromatography. 
 
r-2-Methoxycarbonyl-2-methyl-t-4,t-5-dihydroxy-tetrahydro-thiopyran (4b) 
exo-t-4-Hydroxy-r-1-methyl-6-oxa-2-thia-bicylco[3.2.1]octane-7-one (6b) 
Method A: Starting from 2-methoxycarbonyl-2-methyl-3,6-dihydro-2H-thiopyran 2b (1.00 g, 5.8 mmol) 
a mixture of compound 4b (424 mg, 35%, slow moving) and compound 6b (96 mg, 10%, fast moving) was 
obtained as white solid, which was separated and purified by column chromatography with hexane / ethyl 
acetate (1:1, v/v). Recrystallization from diisopropyl ether provided analytically pure samples of 
compounds 4b and 6b. 
Compound 4b: Mp. 88-91°C. IR(KBr): ν 3340 (br, OH), 1715 (C=O). 1H-NMR(300 MHz, (CD3)2C=O): δ 
1.44 (s, 3H, C-CH3), 1.89 (dd, 2J=13.3 Hz, 3J=10.7 Hz, 1H, C-CHAHB-C, axial), 2.13 (dd, 2J=13.3 Hz, 3J=4.1 
Hz, 1H, C-CHAHB-C, equatorial), 2.71 (dd, 2J=14.1 Hz, 3J=4.9 Hz, 1H, C-CHAHB-S, axial), 2.99 (dd, 2J=14.1 
Hz, 3J=1.9 Hz, 1H, C-CHAHB-S, equatorial), 2.96 and 3.70 (br. s, 2H, CH2-CH-CH-CH2), 3.68 (s, 3H, 
OCH3), 3.85 and 3.90 (br. s, OH). 13C-NMR (75 MHz, (CD3)2C=O) δ 27.5 (q, C-CH3), 34.5 (t, S-CH2,), 41.2 
(t, =CH-CH2-C), 49.6 (s, C-CH3), 53.3 (q, OCH3), 67.3 and 69.3 (d, CH-CH), 175.4 (s, C=O). MS(CI): m/e 
207 (M++1, 10%), 206 (M+, 24%), 189 (M+-OH, 38%), 147 (M+-CO2CH3, 88%), 129 (C6H9OS+, 100%). 
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 Elemental analysis: calculated for C8H14O4S (206.262): C 46.59, H 6.84, S 15.55; found C 46.44, H 6.70, S 
14.34. 
Compound 6b: Mp. 118-122°C. IR(KBr): ν 3230 (br, OH), 1760 (C=O). 1H-NMR(300 MHz, (CD3)2C=O): δ 
1.37 (s, 3H, C-CH3), 2.38 (d, 2J=12.5 Hz, 1H, C-CHAHB-C), 2.64 (dd, 2J=12.5 Hz, 3J=7.5 Hz, 1H, C-CHAHB-
C), 2.80-2.95 (m, 3H, C-CH2-S and OH), 3.97 (dd, 3J=9.9 Hz and 6.1 Hz, 1H, CH-CH2-S), 4.65 (d, 3J=7.5 
Hz, 1H, CH-CH2-C). 13C-NMR (25 MHz, CD3OD) δ 19.3 (q, C-CH3), 31.1 (t, S-CH2,), 45.7 (t, CH-CH2-C), 
46.2 (s, C-CH3), 68.9 (d, CH-CH2-S), 82.3 (d, CH-CH2-C), 178.3 (s, C=O). MS(CI): m/e 175 (M++1, 58%), 
174 (M+, 90%), 157 (M+-OH, 70%), 129 (C6H9OS+, 100%). Elemental analysis: calculated for C7H10O3S 
(174.220): C 48.26, H 5.79, S 18.40; found C 47.70, H 6.24, S 16.93. 
Method B: Starting from 2-methoxycarbonyl-2-methyl-3,6-dihydro-2H-thiopyran 2b (172 mg, 1.0 mmol) 
a mixture of compound 4b (151 mg, 73%, slow moving) and compound 6b (36 mg, 21%, fast moving) was 
obtained as white solid, which was separated and purified by column chromatography with hexane / ethyl 
acetate (1:1, v/v). Recrystallization from diisopropyl ether provided pure samples of compounds 4b and 
6b. 
Compound 4b:  56° (c=1, CH[ ]α D23 2Cl2). Enantiomeric excess: 22% (HPLC, mobile phase: hexane / 
isopropyl alcohol 80:20 v/v). All other analyses were in agreement with the racemate of 4b (vide 
supra). 
Compound 6b: Enantiomeric excess was not determined. All spectral data were in agreement with the 
racemate of 6b (vide supra). 
 
r-2-Methoxycarbonyl-2-phenyl-t-4,t-5-dihydroxy-tetrahydro-thiopyran (4c) 
exo-t-4-Hydroxy-r-1-phenyl-6-oxa-2-thia-bicylco[3.2.1]octane-7-one (6c) 
Method A: Starting from 2-methoxycarbonyl-2-phenyl-3,6-dihydro-2H-thiopyran 2c (0.94 g, 4.0 mmol) 
a mixture of compound 4c (0.52 g, 48%, slow moving) and compound 6c (0.26 g, 28%, fast moving) was 
obtained as white solid, which was separated and purified by column chromatography with hexane / ethyl 
acetate (2:1→0:1, v/v). Recrystallization from diisopropyl ether provided pure samples of compounds 4c 
and 6c. 
Compound 4c: Mp. 114-115°C. IR(KBr): ν 3550 (br, OH), 1720 (C=O). 1H-NMR(300 MHz, D2O): δ 2.25 
(dd, 2J=13.1 Hz, 3J=11.6 Hz, 1H, C-CHAHB-C, axial), 2.81-2.91 (m, 2H, C-CHAHB-C, equatorial and C-
CHAHB-S), 3.19 (dd, 2J=14.5 Hz, 3J=1.7 Hz, 1H, C-CHAHB-S), 3.72 and 4.05 (br. s, 2H, CH2-CH-CH-CH2), 
3.72 (s, 3H, OCH3), 7.30-7.39 (m, 3H, arom. Hmeta and Hpara), 7.44-7.48 (m, 2H, arom. Hortho). 13C-NMR 
(25 MHz, CDCl3) δ 34.9 (t, S-CH2,), 39.0 (t, CH-CH2-C), 53.3 (q, OCH3), 57.7 (s, C-CO2CH3), 65.6 and 69.0 
(d, CH-CH), 125.9 (d, arom. Cortho), 128.4 (d, arom. Cpara), 128.7 (d, arom. Cmeta), 139.3 (s, arom Ci), 172.2 (s, 
C=O). MS(CI): m/e 269 (M++1, 2%), 268 (M+, 3%), 251 (M+-OH, 24%), 109 (M+-CO2CH3, 100%), 191 
(C11H11OS+, 60%), 77 (C6H5+, 8%). 
Compound 6c: Mp. 164-167°C. IR(KBr): ν 3400 (br, OH), 1750 (C=O). 1H-NMR(300 MHz, (CD3)2C=O): δ 
2.81 (d, 2J=12.5 Hz, 1H, C-CHAHB-C), 2.88 (br. s, 1H, OH), 3.06 (d, 3J=8.1 Hz, 2H, C-CH2-S), 3.19 (dd, 
2J=12.5 Hz, 3J=7.6 Hz, 1H, C-CHAHB-C), 4.12 (t, 3J=8.1 Hz, 1H, CH-CH2-S), 4.82 (d, 3J=7.6 Hz, 1H, CH-
CH2-C), 7.35-7.44 (m, 3H, arom. Hmeta and Hpara), 7.69-7.72 (m, 2H, arom. Hortho). 13C-NMR (25 MHz, 
CDCl3) δ 31.2 (t, S-CH2,), 43.0 (t, CH-CH2-C), 44.9 (s, C-CO2CH3), 67.9 (d, CH-CH2-S), 79.7 (d, CH-CH2-
C), 127.1 (d, arom. Cortho), 128.1 (d, arom. Cpara), 128.2 (d, arom. Cmeta), 139.5 (s, arom Ci), 182.2 (s, C=O). 
MS(CI): m/e 237 (M++1, 32%), 236 (M+, 25%), 219 (M+-OH, 36%), 129 (M+-CO2, 100%), 148 (92%). 
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 Elemental analysis: calculated for C12H12O3S (236.29): C 61.00, H 5.12, S 13.57; found C 60.81, H 4.62, S 
11.92. 
Method B: Starting from 2-methoxycarbonyl-2-phenyl-3,6-dihydro-2H-thiopyran 2c (468 mg, 2.0 
mmol) a mixture of compound 4c (110 mg, 20%, slow moving) and compound 6c (50 mg, 11%, fast 
moving) was obtained as white solid, which was separated and purified by column chromatography with 
hexane / ethyl acetate (2:1→1:1, v/v). Recrystallization from diisopropyl ether provided an analytically 
pure sample of compounds 4c and 6c. 
Compound 4c: Enantiomeric excess: 10% (HPLC, mobile phase hexane / isopropyl alcohol 875:125 
v/v and trifluoroacetic acid (2.5% v/v). All spectral date were in agreement with the racemate of 4c 
(vide supra). 
Compound 6c: Enantiomeric excess was not determined. All spectral data were in agreement with the 
racemate of 6c (vide supra). 
 
General procedure for the reduction of r-2-methoxycarbonyl-t-4,t-5-dihydroxy-3,6-dihydro-2H-
thiopyrans 4 and exo-4-hydroxy-6-oxa-2-thia-bicylco[3.2.1]octane-7-ones 6 with lithium aluminium 
hydride 
Lithium aluminium hydride (5 equiv.) was suspended in tetrahydrofuran (ca. 10 mL/mmol) and the 
suspension was cooled to -78°C. Next, the substrate 4 or 6 was added at once and the mixture was allowed 
to reach ambient temperature and was stirred for an additional period of 1 h. Then, ethyl acetate (25 
mL/mmol) and an aqueous solution of potassium hydroxide (1N, ca. 1 mL/mmol) were slowly added. 
Next, the mixture was dried over MgSO4 and subsequently filtered, rinsed with ethyl acetate and 
concentrated in vacuo. The resulting crude product was purified using column chromatography. Note: the 
glassware used was oven-dried, assembled under argon, and additionally dried with a heatgun; the 
reaction was carried out in an inert atmosphere of argon.  
 
r-2-Hydroxymethyl-2-methyl-t-4,t-5-dihydroxy-tetrahydro-thiopyran (7b) 
Starting from r-2-methoxycarbonyl-2-methyl-t-4,t-5-dihydroxy-thiopyran 4b (78 mg, 0.38 mmol) 
compound 7b was obtained as a white solid (64 mg, 95%) after column chromatography with 
dichloromethane / methanol (4:1, v/v). Recrystallization from diisopropyl ether / dichloromethane 
provided a pure sample of compound 7b. 
Mp. 114-116°C. IR(KBr): ν 3300 (br, OH); the characteristic absorption of the carbonyl moiety of 4b at 
ν=1715 cm-1 is no longer present. 1H-NMR(300 MHz, (CD3)2C=O, D2O): δ 1.61 (s, 3H, CH3), 1.92 (A of 
ABX, 2JAB=13.4 Hz, 3JAX=10.8 Hz, 1H, C-CHAHB-C, axial), 1.92 (B of ABX, 2JBA=13.4 Hz, 3JBX=4.1 Hz, 1H, 
C-CHAHB-C, equatorial), 2.59 (A of ABX, 2JAB=14.2 Hz, 3JAX=5.2 Hz, 1H, C-CHAHB-S), 2.90 (B of ABX, 
2JBA=14.2 Hz, 3J=2.2 Hz, 1H, C-CHAHB-S), 3.33 (A of AB, 2J=11.3 Hz, C-CHAHB-OH), 3.59 (B of AB, 
2J=11.3 Hz, C-CHAHB-OH), 3.65-3.71 (m, 1H, CH-CH2-C), 3.87-3.90 (m, 1H, CH-CH2-S). 13C-NMR (25 
MHz, (CD3)2C=O, D2O) δ 26.9 (q, CH3), 31.9 (t, S-CH2,), 38.3 (t, CH-CH2-C), 46.5 (s, C-CH2OH), 67.8 (t, 
CH2OH), 67.8 and 68.8 (d, CH-CH). GC-MS(EI): m/e 178 (M+, 1%), 161 (M+-OH, 3%), 147 (M+-CH2OH, 
10%), 129 (C6H9OS+, 100%). Note: enantiomeric excess was not determined. 
 
r-2-Hydroxymethyl-2-phenyl-t-4,t-5-dihydroxy-tetrahydro-thiopyran (7c) 
Starting from r-2-methoxycarbonyl-2-phenyl-t-4,t-5-dihydroxy-thiopyran 4c (0.20 g, 0.75 mmol) 
compound 7c was obtained as a white solid (0.12 g, 67%) after column chromatography with hexane / 
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 ethyl acetate (1:1→0:1, v/v). Recrystallization from diisopropyl ether / dichloromethane provided a pure 
sample of compound 7c. 
Mp. 60-62°C. IR(KBr): ν 3300 (br, OH); the characteristic absorption of the carbonyl moiety of 4c at 
ν=1720 cm-1 is no longer present. 1H-NMR(300 MHz, (CD3)2C=O): δ 2.32 (A of ABX, 2JAB=13.0 Hz, 
3JAX=11.0 Hz, 1H, C-CHAHB-C, axial), 2.47 (B of ABX, 2JBA=13.0 Hz, 3JBX=4.0 Hz, 1H, C-CHAHB-C, 
equatorial), 2.67 (A of ABX, 2JAB=14.2 Hz, 3JAX=4.7 Hz, 1H, C-CHAHB-S), 2.96 (br. s, 1H, OH), 3.16 (B of 
ABX, 2JBA=14.2 Hz, 3J=2.1 Hz, 1H, C-CHAHB-S), 3.68 (br. s, 1H, OH), 3.85 (br. s, 1H, OH), 3.90-4.07 (m, 
4H, CH2OH and CH-CH), 7.21-7.34 (m, 3H, arom. Hmeta and Hpara), 7.58-7.62 (m, 2H, arom. Hortho). 13C-
NMR (25 MHz, CDCl3) δ 33.9 (t, S-CH2,), 36.5 (t, CH-CH2-C), 53.2 (s, C-CH2OH), 67.3 (t, CH2OH), 67.8 
and 69.2 (d, CH-CH), 128.1 (d, arom. Cpara), 128.3 (d, arom. Cortho), 129.4 (d, arom. Cmeta), 145.8 (s, arom. 
Ci). MS(CI): m/e 241 (M++1, 1%), 223 (M+-OH, 3%), 209 (100%), 205 (38%), 191 (77%), 147 (M+-CH2OH, 
8%), 103 (38%), 91 (31%), 77 (C6H5+, 13%). Note: enantiomeric excess was not determined. 
 
r-2-Hydroxymethyl-2-methyl-c-4,c-5-dihydroxy-tetrahydro-thiopyran (8b)   
Starting from exo-t-4-Hydroxy-r-1-methyl-6-oxa-2-thia-bicylco[3.2.1]octane-7-one 6b (19 mg, 0.11 
mmol) compound 8b was obtained as a white solid (19 mg, 99%) after column chromatography with 
dichloromethane / methanol (4:1, v/v). Recrystallization from diisopropyl ether / dichloromethane 
provided a pure sample of compound 8b. 
Mp. 130-133°C. IR(KBr): ν 3300 (br, OH); the characteristic absorption of the carbonyl moiety of 6b at 
ν=1760 cm-1 is no longer present. 1H-NMR(300 MHz, (CD3)2C=O, D2O): δ 1.14 (s, 3H, CH3), 1.68 (A of 
ABX, 2JAB=14.1 Hz, 3JAX=3.3 Hz, 1H, C-CHAHB-C, equatorial), 2.15 (B of ABX, 2JBA=14.1 Hz, 3JBX=6.9 Hz, 
1H, C-CHAHB-C, axial), 2.47 (A of ABX, 2JAB=13.5 Hz, 3JAX=3.3 Hz, 1H, C-CHAHB-S, equatorial), 2.89 (B of 
ABX, 2JBA=13.5 Hz, 3J=8.7 Hz, 1H, C-CHAHB-S, axial), 3.45 (A of AB, 2J=11.1 Hz, C-CHAHB-OH), 3.64 (B of 
AB, 2J=11.1 Hz, C-CHAHB-OH), 3.75-3.85 (m, 2H, CH2-CH-CH-CH2-C). 13C-NMR (25 MHz, (CD3)2C=O, 
D2O) δ 26.0 (q, CH3), 29.1 (t, S-CH2,), 42.0 (t, CH-CH2-C), 45.2 (s, C-CH2OH), 69.5 and 70.4 (d, CH-CH), 
71.3 (t, CH2OH). MS(CI): m/e 179 (M++1, 1%), 161 (M+-OH, 79%), 147 (M+-CH2OH, 64%), 129 (C6H9OS+, 
100%). Note: enantiomeric excess was not determined. 
 
r-2-Hydroxymethyl-2-phenyl-c-4,c-5-dihydroxy-tetrahydro-thiopyran (8c) 
Starting from exo-t-4-Hydroxy-r-1-phenyl-6-oxa-2-thia-bicylco[3.2.1]octane-7-one 6c (50 mg, 0.21 
mmol) compound 8c was obtained as a white solid (38 mg, 75%) after column chromatography with ethyl 
acetate. Recrystallization from diisopropyl ether / methanol provided a pure sample of compound 8c. 
Mp. 149-150°C. IR(KBr): ν 3350 (br, OH); the characteristic absorption of the carbonyl moiety of 6c at 
ν=1750 cm-1 is no longer present. 1H-NMR(300 MHz, (CD3)2C=O, D2O): δ 2.37-2.52 (m, 3H, C-CH2-C and 
A of ABX, C-CHAHB-S, equatorial), 2.79 (B of ABX, 2JBA=13.9 Hz, 3J=6.1 Hz, 1H, C-CHAHB-S, axial), 3.49-
3.55 (m, 1H, C-CH2-CH-CH), 3.61 (A of AB, 2J=11.2 Hz, 1H, CHAHBOH), 3.73 (B of AB, 2J=11.2 Hz, 1H, 
CHAHBOH), 3.81-3.85 (m, 1H, C-CH2-CH-CH), 7.19-7.35 (m, 3H, arom. Hmeta and Hpara), 7.67-7.70 (m, 2H, 
arom. Hortho). 13C-NMR (75 MHz, (CD3)2C=O, D2O): δ 32.2 (t, S-CH2,), 39.3 (t, CH-CH2-C), 56.7 (s, C-
CH2OH), 68.7 and 69.4 (d, CH-CH), 72.4 (t, CH2OH), 128.1 (d, arom. Cpara), 129.0 (d, arom. Cortho), 129.7 
(d, arom. Cmeta), 143.7 (s, arom. Ci). MS(CI): m/e 241 (M++1, <1%), 223 (M+-OH, 3%), 209 (100%), 205 
(80%), 191 (92%), 147 (M+-CH2OH, 20%), 103 (55%), 91 (71%), 77 (C6H5+, 24%). Note: enantiomeric 
excess was not determined. 
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 General procedure for the reduction of 2-methoxycarbonyl-3,6-dihydro-2H-thiopyrans 2 and their S-
oxides 1 with lithium aluminium hydride 
Lithium aluminium hydride (10 equiv. when 1 was the substrate, 4 equiv. when 2 was the substrate) was 
suspended in tetrahydrofuran (ca. 10 mL/mmol) and the suspension was cooled to the indicated 
temperature (Table 6.4). Next, the substrate 1 or 2 was added at once and the mixture was allowed to 
reach ambient temperature and was stirred for the indicated time (Table 6.4). Then, some drops of an 
aqueous solution of sodium hydroxide (4% w/v) and water (ca. 1 mL/mmol) were slowly added. Next, the 
mixture was dried over MgSO4 and subsequently filtered, rinsed with ethyl acetate and concentrated in 
vacuo. The resulting crude product was purified using column chromatography. Note: the glassware used 
was oven-dried, assembled under argon, and additionally dried with a heatgun; the reaction was 
carried out in an inert atmosphere of argon.  
 
2-Hydroxymethyl-2-methyl-3,6-dihydro-2H-thiopyran (9b) 
Starting from 2-methoxycarbonyl-2-methyl-3,6-dihydro-2H-thiopyran S-oxide 1b (0.64 g, 3.40 mmol) 
compound 9b was obtained as a colorless oil (0.48 g, 98%) after column chromatography with hexane / 
ethyl acetate (3:1, v/v). Alternatively, starting from 2-methoxycarbonyl-2-methyl-3,6-dihydro-2H-
thiopyran 2b (0.55 g, 3.20 mmol) compound 9b was obtained as a colorless oil (0.44 g, 96%) after column 
chromatography with hexane / ethyl acetate (3:1, v/v). 
IR(CCl4): ν 3490 (br. OH). 1H-NMR(100 MHz, CDCl3): δ 1.28 (s, 3H, C-CH3), 2.23-2.29 (m, 2H, CH2OH), 
2.37 (br. s, 1H, CH2OH), 2.86-3.47 (m, 2H, C-CH2-C), 3.33 (A of AB, 2J=11.0 Hz, 1H, C-CHAHB-S), 3.58 (B 
of AB, 2J=11.0 Hz, 1H, C-CHAHB-S), 5.67-5.93 (m, 2H, CH=CH). 13C-NMR (25 MHz, CDCl3) δ 23.8 (t, S-
CH2), 25.0 (q, C-CH3), 34.7 (t, CH-CH2-C), 43.5 (s, C-CH3), 66.8 (t, CH2OH), 122.3 and 126.6 (d, CH=CH). 
GC-MS(EI): m/e 144 (M+, 25%), 127 (M+-OH, 100%), 113 (M+-CH2OH, 68%). HR-MS(EI): m/e calculated 
for C7H12OS: 144.06089 amu; found: 144.06089±0.00057 amu. 
 
2-Hydroxymethyl-2-phenyl-3,6-dihydro-2H-thiopyran (9c) 
Starting from 2-methoxycarbonyl-2-methyl-3,6-dihydro-2H-thiopyran S-oxide 1c (0.31 g, 1.24 mmol) 
compound 9c was obtained as a colorless oil (0.13 g, 51%) after column chromatography with hexane / 
ethyl acetate (4:1, v/v). Alternatively, starting from 2-methoxycarbonyl-2-phenyl-3,6-dihydro-2H-
thiopyran 2c (0.30 g, 1.28 mmol) compound 9c was obtained as a colorless oil (0.16 mg, 61%) after 
column chromatography with hexane / ethyl acetate (4:1, v/v).   
IR(CCl4): ν 3460 (br. OH). 1H-NMR(100 MHz, CDCl3): δ 1.77 (t, 3J= 6.6 Hz, 1H, CH2OH) 2.59-3.29 (m, 
4H, C-CH2-C and C-CH2-S), 3.83 (d, 3J=6.6 Hz, 2H, CH2OH), 5.74-5.97 (m, 2H, CH=CH), 7.19-7.63 (m, 
5H, arom. H). MS(EI): m/e 206 (M+, 6%), 189 (M+-OH, 186%), 175 (M+-CH2OH, 100%), 155 (32%), 121 
(24%). HR-MS(EI): m/e calculated for C12H14OS: 206.0765 amu; found: 206.0765±0.0010 amu. 
 
2,2-Dihydroxymethyl-3,6-dihydro-2H-thiopyran (9d) 
Starting from 2,2-dimethoxycarbonyl-3,6-dihydro-2H-thiopyran S-oxide 1d (0.78 g, 3.36 mmol) 
compound 9d was obtained as a yellowish solid (0.15 g, 28%) after column chromatography with hexane / 
ethyl acetate (1:1, v/v). Recrystallization from diisopropyl ether / dichloromethane provided an 
analytically pure sample of compound 9d.  
Mp. 78-80°C. IR(KBr): ν 3460 (br. OH). 1H-NMR(300 MHz, (CD3)2C=O): δ 2.25-2.27 (m, 2H, CH-CH2-
CH), 3.01 (br. s, 2H, 2×OH), 3.07-3.10 (m, 2H, CH-CH2-S), 3.61 (br. s, 4H, 2×CH2OH), 5.72-5.84 (m, 2H, 
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 CH=CH). 13C-NMR (75 MHz, (CD3)2C=O): δ 24.2 (t, S-CH2), 30.1 (t, =CH-CH2-C), 48.7 (s, C-(CH2OH)2), 
66.3 (t, 2×CH2OH), 124.3 and 127.8 (d, CH=CH). MS(EI): m/e 160 (M+, 13%), 142 (M+-H2O, 25%), 129 
(M+-CH2OH, 100%), 99 (C5H7S+, 56%). Elemental analysis: calculated for C7H12O2S (160.236): C 52.47, H 
7.55, S 20.01; found C 52.71, H 7.35, S 19.79. 
 
General procedure for the catalytic dihydroxylation of 2-hydroxymethyl-3,6-dihydro-2H-thiopyrans 9 
The procedure of Sharpless[15] was mainly followed. Potassium ferricyanide (3 equiv.), potassium 
carbonate (3 equiv.), methylsulfonamide (1 equiv.), (DHQ)2PHAL (3 mol%) and potassium osmate 
dihydrate (3 mol%) were dissolved in a mixture of water (5 mL/mmol) and tert-butyl alcohol (5 
mL/mmol) and the 2-hydroxymethyl-3,6-dihydro-2H-thiopyran 9 was added at once. The mixture was 
stirred at ambient temperature for the indicated time (Table 6.5). Next, sodium sulfite (1 equiv.) was 
added and the mixture was stirred for 1 hour. Then, the mixture was extracted five times with ethyl 
acetate. Finally, the combined organic layers were subsequently washed with brine, dried over MgSO4, 
filtered and concentrated in vacuo. The resulting crude product was purified using column 
chromatography.  
 
r-2-Hydroxymethyl-2-methyl-t-4,t-5-dihydroxy-tetrahydro-thiopyran (7b) 
r-2-Hydroxymethyl-2-methyl-c-4,c-5-dihydroxy-tetrahydro-thiopyran (8b) 
Starting from 2-hydroxymethyl-2-methyl-3,6-dihydro-2H-thiopyran 9b (0.29 g, 2.0 mmol) a mixture of 
compound 7b and compound 8b was obtained as white solid (70 mg, 20%) after purification using 
column chromatography with ethyl acetate. Ratio 7b : 8b = 75 : 25 (NMR). 
 
r-2-Hydroxymethyl-2-phenyl-t-4,t-5-dihydroxy-tetrahydro-thiopyran (7c) 
r-2-Hydroxymethyl-2-phenyl-c-4,c-5-dihydroxy-tetrahydro-thiopyran (8c) 
Starting from 2-hydroxymethyl-2-phenyl-3,6-dihydro-2H-thiopyran 9c (0.13 g, 0.6 mmol) a mixture of 
compound 7c and compound 8c was obtained as white solid (60 mg, 41%) after purification using column 
chromatography with dichloromethane / methanol (95:5, v/v). Ratio 7c : 8c = 45 : 55 (NMR). 
 
Attempted epoxidation of 2,2-dimethoxycarbonyl-3,6-dihydro-2H-thiopyran 2d, its S-oxide 1d, or 
S,S-dioxide 10 with several epoxidating agents 
tert-Butylhydroperoxide/titanium-tetraisopropoxide: 2,2-Dimethoxycarbonyl-3,6-dihydro-2H-thio-
pyran 2d (105 mg, 0.49 mmol) was dissolved in dichloromethane (14 mL) and the solution was cooled 
to 0°C. Next, powdered 4Å molsieves (130 mg) and titanium tetraisopropoxide (145 µL, 1 equiv.) were 
added at once. The mixture was stirred at this temperature for 30 minutes. Then, tert-
butylhydroperoxide (0.3 mL, 3.0-3.6 equiv.) was added dropwise and the reaction was allowed to 
reach ambient temperature and stirred for 18 hours. The reaction mixture was filtered over Hyflo. 
Water was added and the mixture was extracted three times with dichloromethane. The combined 
organic layers were washed with brine, dried over MgSO4 and concentrated in vacuo. Column 
chromatography with ethyl acetate provided compound 1d as a white solid (62 mg, 55%) and 
compound 10 as a white solid (52 mg, 43%). Recrystallization from diisopropyl ether afforded an 
analytically pure sample of 4. Note: the glassware used was oven-dried, assembled under argon, and 
additionally dried with a heatgun; the reaction was carried out in an inert atmosphere of argon.  
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 Compound 1d: all analyses were in agreement with those described previously in Chapter 3, 
compound 3c. 
Compound 10: Mp. 81-82°C. IR(KBr): ν 1730 (C=O), 1330 and 1135 (SO2). 1H-NMR(100 MHz, CDCl3): δ 
3.31 (br. s, 2H, C-CH2-C), 3.88 (s, 6H, C(CO2CH3)2, 4.00 (br. s, 2H, C-CH2-SO), 5.31-5.87 (m, 2H, 
CH=CH). MS(CI): m/e 249 (M++1, 91%),  217 (M+-OCH3, 100%), 184 (M+-SO2, 47%), 153 (83%), 152 
(94%), 124 (38%) 121 (35%). Elemental analysis: calculated for C9H12O6S (248.257): C 43.54, H 4.87, S 
12.92; found C 43.77, H 4.97, S 13.00. 
meta-Chloroperbenzoic acid: 2,2-Dimethoxycarbonyl-3,6-dihydro-2H-thiopyran S-oxide 1f (0.46 g, 
2.0 mmol) was dissolved in dichloromethane (5 mL) and the solution was cooled to 0°C. Next, meta-
chloroperbenzoic acid (mCPBA, 75% w/w, 0.92 g, 2 equiv.) was added at once. The reaction mixture 
was allowed to reach ambient temperature and stirred for 24 hours. Then, the mixture was filtered 
and the filtrate was washed subsequently with an aqueous sodium thiosulfate solution (2% w/v), a 
saturated aqueous solution of sodium bicarbonate, and water. The organic layer was dried over 
MgSO4 and concentrated in vacuo. Column chromatography with ethyl acetate provided compound 
10 as a white solid (0.42 g, 84%). Next, 2,2-dimethoxycarbonyl-3,6-dihydro-2H-thiopyran S,S-
dioxide 10 (0.4 g, 1.6 mmol) was dissolved in 1,2-dichloroethane (10 mL) and, meta-chloroperbenzoic 
acid (mCPBA, 75% w/w, 0.4 g, 1.1 equiv.) was added at once. The reaction mixture was stirred under 
reflux for 24 hours. No reaction was observed (TLC). 
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 SUMMARY 
 
This thesis deals with the synthesis and reactivity of functionalized 3,6-dihydro-2H-
thiopyrans and their S-oxides derived from α-oxo sulfines, with the aim to extend the 
fundamental knowledge of the chemistry of these classes of organosulfur compounds. 
 
In the introductory Chapter 1 a brief overview of the most relevant features, synthetic 
strategies and reactions of sulfines is presented. 
 
Chapter 2 focuses on the synthesis of sulfines bearing an oxo substituent at the α-position 
(α-oxo sulfines). First, a literature survey of this special class of sulfines is given. The reaction 
of doubly-activated methylene compounds, silyl enol ethers, and silyl ketene acetals with 
thionyl chloride in the presence of a suitable tertiary amine base was previously developed 
and optimized in the Research Group “Molecular Synthesis” of the University of Nijmegen 
and is still the most versatile method for the synthesis of α-oxo sulfines. Because of the 
suspected susceptibility toward hydrolysis, the generated α-oxo sulfines are traditionally 
trapped in situ as their 3,6-dihydro-2H-thiopyran S-oxides via a Diels-Alder reaction with an 
excess of electronrich 1,3-dienes (Scheme 1). 
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The scope of this in situ synthesis of α-oxo sulfines was broadened, especially with respect to 
α-oxo sulfines derived from O-silylated ketones and esters. 2,3-Dimethyl-1,3-butadiene and 
1,3-butadiene were used as trapping reagents. 
 
By a proper modification of the experimental procedure, a large variety of differently 
substituted α-oxo sulfines could be isolated as such (cf. Scheme 1). The best results were 
obtained when the reaction was carried out at a low temperature (-78°C), with 
diisopropylethylamine as the base and diethyl ether as the solvent in case of ester-derived 
substrates. For α-Oxo sulfines derived from esters or ketones the reaction mixture, 
unexpectedly, could be washed with water and after work-up the sulfines showed a purity of 
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 more than 90%. In some cases the sulfines could be purified further by column 
chromatography, recrystallization, or even by distillation.  
 
The α-oxo sulfines were isolated as a single thermodynamically favored isomer, in which the 
sulfine oxygen atom is positioned trans with respect to carbonyl group. However, α,β-
unsaturated γ-oxo sulfines, prepared from a complete regioselective addition of conjugated 
silyl ketene acetals derived from β,γ-unsaturated methyl esters, were isolated as a mixture of 
E- and Z-isomers (Scheme 2). 
MeO
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O
R
MeO
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R
SO
SOCl2, DIPEA
Et2O, -78°C→rt 
1. LDA
2. Me3SiCl
R = Me, Ph E + Z  
Scheme 2 
 
The isolation of α-oxo sulfines derived from doubly-activated methylene compounds turned 
out to be more difficult. Nevertheless, in a few cases these very reactive sulfines could be 
isolated with an acceptable purity (cf. Scheme 1).  
 
Chapter 3 deals with the reactivity of α-oxo sulfines. First, the reaction of this special class 
of sulfines with some alkyllithiums was briefly studied. In all cases a mixture of 
diastereomeric β-oxo sulfoxides were obtained as exclusive products from a chemoselective 
thionucleophilic addition of the alkyllithium compound (Scheme 3). Products arising from a 
carbophilic addition or α-alkylation were not detected. However, a non-enethiolizable sulfine 
gave a significant higher yield than α-oxo sulfines bearing a hydrogen at Cα'. 
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Scheme 3 
 
The main part of Chapter 3 deals with the reactivity of α-oxo sulfines as dienophilic partners 
in a Diels-Alder reaction. Several α-oxo sulfines were allowed to react with a wide range of 
different 1,3-dienes. In all cases functionalized 3,6-dihydro-2H-thiopyran S-oxides were 
obtained in high yields and the geometry of the starting sulfine was retained in the 
cycloadduct (Scheme 4). When the intrinsic reactivity of the dienophile-diene combination 
was insufficient the [4+2]-cycloaddition reaction could successfully be accelerated using 10 
mol% tin(IV) chloride.  
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 The Diels-Alder reaction of α-oxo sulfines with 1,3-cyclohexadiene (B) proceeded with a 
preferential endo-addition. However, the endo/exo selectivity was influenced by zinc(II) 
chloride.  
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Scheme 4 
 
In the case of 1-substituted 1,3-butadienes (D and E), both the regioselectivity and the 
diastereoselectivity of the cycloaddition reaction were depending on the substitution pattern 
of the α-oxo sulfine as well as the 1,3-diene. 1-Methoxy- and 1-silyloxy-1,3-butadiene (D) 
turned out to be completely regioselective, but only moderately diastereoselective. The Diels-
Alder reaction of some α-oxo sulfines with 1-acyloxy-1,3-butadienes (E), on the other hand, 
was found to be less regioselective, but showed an enhanced diastereoselectivity. The best 
regioselectivities were observed when the methoxycarbonyl sulfine contained an additional 
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 electron-withdrawing substituent (R=CO2Me or Ph). Methoxycarbonyl methyl sulfine 
(R=Me), in general, gave better diastereoselectivities. The exo/endo ratios of the 3-acyloxy 
cycloadducts arising from a 'meta' addition of α-oxo sulfines with 1-acyloxy-1,3-butadienes 
(E), in general, were higher than those observed for their 6-substituted analogs from an 
'ortho' addition. The Diels-Alder reaction of some α-oxo sulfines with trans-trans-1,4-
diacetoxy-1,3-butadiene (C) also showed a high exo-selectivity. 
 
In agreement with results described in the literature involving Diels-Alders of the same 1,3-
dienes with other dienophiles (e.g. acrolein derivatives, acrylates, (thio)glyoxylates) a 
preferred endo-addition was expected when α-oxo sulfines are the dienophiles of choice. 
Surprisingly, the diastereoselectivity was reversed to a preferred exo-addition. In several 
cases, the favored exo-addition was unambiguously proven by an X-ray analysis of the 
cycloadducts. It is suggested that the reversed diastereoselectivity arises from preferential 
electrostatic interactions in the exo-transition state, involving the oxygen-containing 
substituent of the diene and the sulfine oxygen atom. 
 
In Chapter 4 the asymmetric Diels-Alder reaction of α-oxo sulfines is described. Three 
approaches were studied to accomplish an asymmetric [4+2]-cycloaddition, i.e. the use of a 
chiral catalyst, a chiral sulfine or a chirally-modified diene.  
 
The use of chiral catalysts gave disappointing results. A variety of chiral Lewis acid systems 
known from the literature was tested in a Diels-Alder reaction of some α-oxo sulfines with 
(2,3-dimethyl)-1,3-butadiene, but in neither case any enantioselectivity was achieved. 
 
When starting with α-oxo sulfines in which the chiral center was incorporated at the α'-
position a rather low diastereoselectivity was observed (Scheme 5). 
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This particular approach suffers from general applicability, because of the limited availability 
of the starting chiral substrates. Therefore, optimization studies were not performed, but in 
stead the focus was on the use of chiral dienes. At the time this research was initiated, no 
simple and general procedure for the synthesis of chiral butadienes was known. It was found 
that trans-1-acyloxy-1,3-butadienes could be prepared in one step by coupling of a chiral acid 
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 chloride with the potassium enolate of crotonic aldehyde. Starting from several α-substituted 
phenylacetic acid chlorides the corresponding butadienyl esters were obtained in high yield 
and excellent chemo-, cis/trans- and enantio-selectivities (Scheme 6). 
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The scope was extended to the use of α-amino acids as the chiral substrates for the synthesis 
of chiral 1-acyloxy-1,3-butadienes. This new class of chiral dienes was prepared in three 
steps, involving protection, activation and coupling (Scheme 7). 
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Scheme 7 
 
Several protecting groups, coupling reagents and activating groups were investigated. The 
butadienyl esters of N-protected amino acids were obtained in high yields and excellent 
chemo-, and cis/trans-selectivities. Partial racemization during the coupling step led to 
modest enantioselectivities. Reversal of the addition sequence in this last step, however, led 
to a significant improvement of the enantiopurity of the dienes. The best results were 
obtained with the trans-butadienyl esters of Boc-protected proline and indoline-2-carboxylic 
acid, which both showed an optical purity of >99%.  
 
The Diels-Alder reaction of these chiral dienes derived from amino acids with N-
ethylmaleimide proceeded smoothly. The addition turned out to be completely endo-selective 
and diastereofacial selectivities up to 43% were observed at ambient temperature without 
Lewis acid catalysis (Scheme 8). 
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 Preliminary studies toward the cycloaddition of these chiral 1-acyloxy-1,3-butadienes with 
bis(methoxycarbonyl) sulfine gave mixtures of isomeric 3,6-dihydro-2H-thiopyran S-oxides 
in good overall yields. The two sets of regioisomers could be separated by column 
chromatography. However, the resulting mixtures of diastereoisomers were still too complex 
to determine the endo/exo-selectivity and the diastereoselectivity of the reaction (Scheme 9). 
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Scheme 9 
 
In summary, the simplicity of the procedure and the relatively low price of the reagents make 
this new approach to the chemoselective synthesis of chiral as well as achiral trans-1-acyloxy-
1,3-butadienes attractive for further studies. 
 
The reactivity of 3,6-dihydro-2H-thiopyrans and their S-oxides, obtained as described in 
Chapters 2 and 3, is the subject of Chapter 5. First, an overview of the relevant literature is 
given. 
 
Suitable substrates for further elaboration were obtained from 3,6-dihydro-2H-thiopyran S-
oxides by reduction of the sulfoxide moiety in a chemoselective manner in high yields, using 
trifluoroacetic anhydride and sodium iodide. Appropriately substituted dihydrothiopyrans 
were converted in their 2-vinylic analogs by means of a Wittig reaction (Scheme 10). 
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The reaction of thus prepared 3,6-dihydro-2H-thiopyrans, which can be regarded as both 
endocylic and exocyclic allylsulfides, with dichloroketene, inducing a [3,3]-ketene-Claisen 
rearrangement, occurred in a regioselective manner via the exocyclic route. Ten-membered 
thiolactones were obtained in a moderate to fair yields. In contrast with similar ring 
enlargements reported in the literature mixtures of Z and E isomers were obtained (Scheme 
11). 
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Next, the use of 3,6-dihydro-2H-thiopyrans as substrates in a [2,3]-sigmatropic 
rearrangement reaction is described. Allylsulfonium ylids from these cycloadducts were 
generated in situ by alkylation with carboethoxymethyl trifluoromethanesulfonate, followed 
by treatment with base. Depending on the nature of substituents at the 2-position of the 
dihydrothiopyran, either a ring contraction to sulfur-substituted cyclopropanes or 
cyclopentenes, or a ring enlargement to nine-membered sulfur heterocycles occurred via a 
[2,3]-sigmatropic rearrangement reaction. In an appropriate case, ring opening via β-
elimination was observed as a competing reaction. An overview of the observed 
rearrangement reactions is given in Scheme 12. 
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 Chapter 6 deals with preliminary studies toward the synthesis of thiosugar analogs starting 
from 3,6-dihydro-2H-thiopyran S-oxides. The selective reduction of the sulfoxide and esters 
groups and the functionalization of the olefinic bond were investigated. 
 
The scope of the selective reduction of 3,6-dihydro-2H-thiopyran S-oxides to their 
corresponding cyclic sulfides was expanded to substrates containing acyloxy substituents (cf. 
Scheme 10; see also Scheme 15 A). 
 
An enzymatic deacetylation of 3-acyloxy-3,6-dihydro-2H-thiopyrans and their S-oxides using 
Lipase PS was not successful. A 3,6-diacetoxy-dihydrothiopyran was regioselectively mono-
deacetylated at the 6-position. However, the product formed underwent an in situ cyclization 
to a thietane. A similar result was obtained by treatment of the dihydrothiopyran with a 
diluted aqueous solution of hydrogen chloride (Scheme 13). 
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Next, the dihydroxylation of the olefinic bond of 3,6-dihydro-2H-thiopyrans with osmium 
tetraoxide was studied. A stoichiometric version chemoselectively led to the formation of a 
diastereomeric mixture of syn and anti cyclic diols in moderate yields and modest 
diastereoselectivity (Scheme 14).  
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The high toxicity and prize of osmium tetraoxide, however, makes it quite unattractive for 
use in a (large scale) synthetic process. Therefore, a catalytic process using either Yamamoto 
or asymmetric Sharpless conditions offers an attractive alternative. Starting from 2-
methoxycarbonyl-3,6-dihydro-2H-thiopyrans applying these conditions, again a 
diastereomeric mixture of cyclic diols was obtained, however, the isomer with the 2-
methoxycarbonyl substituent syn to both hydroxy groups underwent an in situ 
intramolecular esterification affording a bicyclic lactone (see Scheme 15). Low 
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 enantioselectivies were observed when asymmetric dihydroxylation conditions were applied. 
The lactonization reaction could be circumvented by starting from 2-hydroxymethyl-3,6-
dihydro-2H-thiopyrans. However, in these cases the corresponding dihydroxylated 
heterocycles were obtained in lower yields. The 2-hydroxymethyl-3,6-dihydro-2H-thiopyran 
substrates were obtained in moderate to good yields by reduction of the corresponding 2-
methoxycarbonyl cyclic sulfides or sulfoxides with lithium aluminium hydride (C). Reduction 
of the 2-methoxycarbonyl cyclic diols as well as the bicyclic lactones with this reagent also 
proceeded smoothly (Scheme 15). 
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Scheme 15 
 
The different reduction (A and C) and dihydroxylation (B) sequences, finally, led to the 
synthesis of two diastereomeric pairs of dideoxy thiohexoses (Scheme 15). The three-step 
route involving a selective deoxygenation with sodium iodide and trifluoroacetic acid 
anhydride (A), catalytic dihydroxylation of 2-methoxycarbonyl-3,6-dihydro-2H-thiopyrans 
(B) and deprotection/reduction of the ester moiety (C) turned out to be the most attractive 
one. 
 
Functionalization of the olefinic bond of 3,6-dihydro-2H-thiopyrans and their S-oxides by 
means of an epoxidation reaction was unsuccessful, although several epoxidizing reagents 
were applied. In all cases the oxidation of sulfur was leading to the formation of 3,6-dihydro-
2H-thiopyran S,S-dioxides. These cyclic sulfones turned out to be inert to further oxidation 
of the olefinic bond (Scheme 16). This unreactivity was tentatively rationalized by the 'supra-
annular effect'. 
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 In summary, the work described in this thesis has extended the knowledge about the 
synthesis and reactivity of α-oxo sulfines and clearly showed the synthetic versatility of 3,6-
dihydro-2H-thiopyran and their S-oxides derived from α-oxo sulfines.  
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 SAMENVATTING 
 
In dit proefschrift wordt de synthese en reactiviteit van gefunctionaliseerde 3,6-dihydro-2H-
thiopyranen en de overeenkomstige S-oxiden, afgeleid van α-oxo-sulfinen, behandeld, met 
als doel de fundamentele kennis van deze klassen van organozwavelverbindingen te 
vergroten. 
 
In het inleidende hoofdstuk 1 wordt een kort overzicht gegeven van de meeste relevante 
eigenschappen, synthesestrategieën en reacties van sulfinen. 
 
Hoofdstuk 2 concentreert zich op de synthese van sulfinen met een oxo-substituent op de 
α-positie (α-oxo-sulfinen). Eerst wordt er een literatuuroverzicht gegeven van deze speciale 
klasse van sulfinen. De reactie van dubbelgeactiveerde methyleenverbindingen, silyl-
enolethers en silyl-keteenacetalen met thionylchloride in de aanwezigheid van een geschikte 
tertiaire base was reeds voorheen ontwikkeld en geoptimaliseerd in de onderzoeksgroep 
“Moleculaire Synthese” van de Universiteit van Nijmegen en is nog steeds de meest geschikte 
methode voor de synthese van α-oxo-sulfinen. De op deze wijze gegeneerde α-oxo-sulfinen 
werden voorheen altijd afgevangen als 3,6-dihydro-2H-thiopyran-S-oxiden via een Diels-
Alder-reactie met een overmaat aan electronenrijke 1,3-diënen (schema 1). 
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De “scope” van deze in situ synthese van α-oxo-sulfinen werd verbreed en wel met name voor 
α-oxo-sulfinen afgeleid van O-gesilyleerde ketonen en esters. 2,3-Dimethyl-1,3-butadiëen en 
1,3-butadiëen werden als afvangreagentia gebruikt. 
 
Een grote variëteit aan α-oxo-sulfinen kon als zodanig worden geïsoleerd door een subtiele 
modificatie van de experimentele procedure (conform schema 1). Voor substraten afgeleid 
van esters werden de beste resultaten behaald wanneer de reactie bij lage temperatuur (-
78°C) werd uitgevoerd met diïsopropylethylamine als base en diëthylether als oplosmiddel. 
In het geval van α-oxo-sulfinen afgeleid van esters of ketonen kon het reactiemengsel, 
integenstelling tot de verwachting, worden gewassen met water om zouten en resten 
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 thionylchloride te verwijderen. De zo verkregen sulfinen hadden een zuiverheid van meer 
dan 90%. In sommige gevallen konden deze sulfinen verder gezuiverd worden met behulp 
van kolomchromatografie, herkristallisatie of zelfs door destillatie.  
 
De α-oxo-sulfinen werden als één, thermodynamisch bepaald, isomeer verkregen en wel het 
isomeer met het sulfine-zuurstofatoom trans ten opzichte van de carbonylgroep.  
 
Echter α,β-onverzadigde γ-oxo-sulfinen, bereid uit een volledig regioselectieve additie van 
geconjugeerde silyl-keteenacetalen afgeleid van β,γ-onverzadigde methylesters, werden 
geïsoleerd als mengsel van E- and Z-isomeren (schema 2). 
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De isolatie van α-oxo-sulfinen afgeleid van dubbelgeactiveerde methyleenverbindingen, 
bleek gecompliceerder te zijn. Desondanks konden deze zeer reactieve sulfinen in sommige 
gevallen met een acceptabele zuiverheid worden verkregen (conform schema 1).  
 
Hoofdstuk 3 behandelt de reactiviteit van α-oxo-sulfinen. Allereerst wordt de reactie van 
deze speciale klasse van sulfinen met alkyllithiumverbindingen bestudeerd. In alle gevallen 
werd een mengsel van diastereoisomere β-oxo-sulfoxiden verkregen als de enige produkten 
van een chemoselectieve thionucleofiele additie van de alkyllithiumverbinding (schema 3). 
Produkten ten gevolge van een carbofiele additie, of α-alkylering, werden niet waargenomen. 
Een niet-eenthiolizeerbaar sulfine gaf echter een beduidend hogere opbrengst dan een α-oxo- 
sulfine met een waterstofatoom op het α’-koolstofatoom. 
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Het grootste gedeelte van hoofdstuk 3 gaat over de reactiviteit van α-oxo-sulfinen als 
diënofiel in een Diels-Alder-reactie. Een verscheidenheid aan α-oxo-sulfinen werd in reactie 
gebracht met verschillende 1,3-diënen. In alle gevallen werden gefunctionaliseerde 3,6-
dihydro-2H-thiopyran-S-oxiden in een hoge opbrengst verkregen. De geometrie van het 
sulfine bleef behouden in het gevormde cycloadduct (schema 4). Wanneer de intrinsieke 
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 reactiviteit van de diëen-diënofiel combinatie onvoldoende was, kon de [4+2]-cycloadditie 
reactie met succes worden versneld door het gebruik van 10 mol% tin(IV)chloride als 
katalysator.  
 
De Diels-Alder-reactie van α-oxo-sulfinen met 1,3-cyclohexadiëen (B) verliep met een 
voorkeur voor een endo-additie. De endo/exo-selectiviteit werd echter beïnvloed door 
zink(II)chloride.  
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In het geval van 1-gesubstitueerde 1,3-butadiënen (D en E) waren de regioselectiviteit en 
diastereoselectiviteit van de cycloadditiereactie beiden afhankelijk van de substituenten aan 
zowel het α-oxo-sulfine als het 1,3-diëen. De reactie met 1-methoxy- en 1-silyloxy-1,3-
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 butadiëen (D) bleek volledig regioselectief te verlopen, maar de diastereoselectiviteit was 
matig. Aan de andere kant bleek de Diels-Alder-reactie van sommige α-oxo-sulfinen met 1-
acyloxy-1,3-butadiënen (E) minder regioselectief, maar vertoonde een hogere mate van 
diastereoselectiviteit. De hoogste regioselectiviteit werd bereikt, wanneer het 
methoxycarbonyl-sulfine een extra electronenzuigende substituent (R=CO2Me of Ph) bevatte. 
In het algemeen gaf methoxycarbonyl methyl sulfine (R=Me) betere diastereoselectiviteiten. 
De exo/endo-ratio’s van de 3-acyloxy-cycloadducten, gevormd door een 'meta' additie van α-
oxo-sulfinen met 1-acyloxy-1,3-butadiënen (E), waren over het algemeen groter dan bij de 
overeenkomstige 6-gesubstitueerde cycloadducten, die gevormd worden door een 'ortho'-
additie. De Diels-Alder-reactie van sommige α-oxo-sulfinen met trans-trans-1,4-diacetoxy-
1,3-butadiëen (C) vertoonde ook een hoge exo-selectiviteit. 
 
In overeenstemming met de resultaten beschreven in de literatuur voor Diels-Alder-reacties 
van dezelfde 1,3-diënen met andere diënofielen (bijv. acroleïne-derivaten, acrylaten en 
(thio)glyoxylaten) werd voor α-oxo-sulfinen als diënofielen een zelfde voorkeur voor een 
endo-additie verwacht. Verrassenderwijs was echter de diastereoselectiviteit omgekeerd met 
een voorkeur voor een exo-additie, die in meerdere gevallen onomstotelijk werd bewezen 
door een röntgenanalyse van de cycloadducten. Gesuggereerd wordt dat de omgekeerde 
diastereoselectiviteit wordt veroorzaakt door een gunstigere electrostatische interactie tussen 
de zuurstofbevattende substituent van het diëen en het zuurstofatoom van het sulfine in de -
exo-overgangstoestand. 
 
In hoofdstuk 4 wordt de asymmetrische Diels-Alder-reactie van α-oxo-sulfinen beschreven. 
Er werden drie benaderingen bestudeerd om een asymmetrische [4+2]-cylcloadditie te 
bewerkstelligen, namelijk het gebruik van een chirale katalysator, een chiraal sulfine of een 
chiraal gemodificeerd diëen. 
 
Het gebruik van chirale katalysatoren gaf teleurstellende resultaten. Een verscheidenheid aan 
uit de literatuur bekende chirale Lewiszuren werd getest in een Diels-Alder reactie van enkele 
α-oxo-sulfinen met (2,3-dimethyl)-1,3-butadiëen, maar in geen enkel geval werd enige 
enantioselectiviteit waargenomen. Een relatief lage diastereoselectiviteit werd waargenomen 
wanneer α-oxo-sulfinen gebruikt werden met een chiraal centrum op de α'-positie (schema 
5). 
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 De algemene toepasbaarheid van deze benadering is gering, vanwege de beperkte 
beschikbaarheid van deze chirale substraten. Optimalisatiestudies werden daarom ook niet 
uitgevoerd, maar in plaats daarvan werd de aandacht gericht op het gebruik van chirale 
diënen. Toen het onderzoek begon was er nog geen eenvoudige en algemeen toepasbare 
procedure bekend voor de bereiding van chirale butadiënen. Gevonden werd dat trans-1-
acyloxy-1,3-butadiënen in één reactiestap konden worden bereid door een chiraal 
zuurchloride te koppelen met het kalium-enolaat van kaneelaldehyde. Uitgaande van diverse 
α-gesubstitueerde fenylazijnzuurchlorides werden de overeenkomstige butadiënylesters in 
een hoge opbrengst en een uitstekende chemo-, cis/trans- en enantioselectiviteit verkregen 
(schema 6). 
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De “scope” van de reactie werd uitgebreid naar het gebruik van α-aminozuren als chirale 
substraten voor de synthese van chirale 1-acyloxy-1,3-butadiënen. Deze nieuwe klasse van 
chirale diënen werd bereid in drie afzonderlijke reactiestappen, bestaande uit een 
bescherming, een activering en een koppeling (schema 7). 
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Het gebruik van diverse beschermgroepen, koppelingsreagentia en activerende groepen werd 
onderzocht. De butadiënylesters van N-beschermde aminozuren werden verkregen in een 
hoge opbrengst en uitstekende chemo-, en cis/trans-selectiviteit. Gedeeltelijke racemisatie 
tijdens de koppelingsstap leidde echter tot een matige enantioselectiviteit. Door echter in de 
laatste reactiestap het enolaat toe te voegen aan het geactiveerde aminozuur, in plaats van 
andersom, werd de enantiomere zuiverheid van de diënen aanzienlijk verhoogd. De beste 
resultaten werden verkregen met de trans-butadiënylesters van Boc-beschermd proline en 
indoline-2-carbonzuur (beiden een optische zuiverheid >99%). 
 
The Diels-Alder-reactie van deze chirale diënen afgeleid van aminozuren met N-
ethylmaleïmide verliep goed. De additie bleek volledig endo-selectief en diastereofaciale 
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 selectiviteiten tot 43% werden verkregen bij kamertemperatuur en zonder katalyse met een 
Lewiszuur (schema 8). 
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Schema 8 
 
Een eerste korte studie van de cycloadditie van deze chirale 1- acyloxy-1,3-butadiënen met 
bis(methoxycarbonyl) sulfine resulteerde in mengsels van isomere 3,6-dihydro-2H-
thiopyran-S-oxiden in een goede opbrengst. De twee sets van regiosomeren konden van 
elkaar worden gescheiden met behulp van kolomchromatografie.  
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Schema 9 
 
De resulterende mengsels van diastereoisomeren waren echter nog steeds te gecompliceerd 
om de endo/exo-selectiviteit en de diastereoselectiviteit van de reactie te kunnen bepalen 
(schema 9). 
 
Samenvattend kan gezegd worden, dat de eenvoud van de procedure en de relatief lage 
kosten van de reagentia, deze nieuwe aanpak voor de chemoselectieve synthese, van zowel 
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 chirale als achirale trans-1-acyloxy-1,3-butadiënen, erg aantrekkelijk maakt voor verder 
onderzoek. 
 
De reactiviteit van 3,6-dihydro-2H-thiopyranen en hun S-oxiden, die zijn verkregen zoals 
beschreven staat in de hoofdstukken 2 en 3, is het onderwerp van studie in hoofdstuk 5. 
Eerst wordt een overzicht gegeven van de meest relevante literatuur. 
 
Geschikte substraten voor verder onderzoek werden verkregen door een chemoselectieve 
reductie van de sulfoxide-groep van 3,6-dihydro-2H-thiopyran-S-oxiden, gebruikmakend 
van trifluorazijnzuuranhydride en natriumjodide. Deze gesubstitueerde dihydrothiopyranen 
werden vervolgens omgezet in de overeenkomstige 2-vinyl analoga door middel van een 
Wittig-reactie (schema 10). 
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Schema 10 
 
De reactie van de op deze wijze bereidde 3,6-dihydro-2H-thiopyranen, die zowel als 
endocyclische als exocyclische allylsulfiden kunnen worden beschouwd, met dichloorketeen, 
vond plaats op een regioselectieve manier via een exocyclische [3,3]-keteen-Claisen- 
omlegging. Hierbij werden 10-ring-thiolactonen verkregen in een matige tot redelijke 
opbrengst. In tegenstelling tot overeenkomstige ringvergrotingsreacties, beschreven in de 
literatuur, werden mengsels van Z- en E-isomeren verkregen (schema 11). 
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Schema 11 
 
Vervolgens wordt het gebruik van 3,6-dihydro-2H-thiopyranen als substraten in een [2,3]-
sigmatrope omleggingsreactie beschreven. Allylsulfonium yliden van deze cycloadducten 
werden in situ gegenereerd door een alkylering met carboethoxymethyl trifluoromethane-
sulfonaat, gevolgd door een behandeling met een base. Afhankelijk van de aard van de 
substituenten op de 2-positie van het dihydrothiopyran vond, dan wel een ringcontractie tot 
zwavelgesubstitueerde cyclopropanen of cyclopentenen, of een ringvergroting tot 9-ring 
 227
 zwavelheterocycli, plaats, via een [2,3]-sigmatrope omlegging. Als concurrerende reactie 
werd in één specifiek geval een ringopeningsreactie via een β-eliminatie waargenomen. In 
schema 12 wordt een overzicht gegeven van de waargenomen omleggingsreacties. 
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Schema 12 
 
Hoofdstuk 6 gaat over de eerste voorlopige studies naar de synthese van thiosuiker-analoga 
uitgaande van 3,6-dihydro-2H-thiopyran-S-oxiden. De selectieve reductie van de sulfoxide- 
en estergroepen en de functionalisering van de dubbele binding werden onderzocht. De 
“scope” van de selectieve reductie van 3,6-dihydro-2H-thiopyran-S-oxiden tot de 
overeenkomstige cyclische sulfiden werd uitgebreid naar substraten die acyloxysubstituenten 
bavatten (conform schema 10; zie ook schema 15 A). 
 
Een enzymatische deacetylering van 3-acyloxy-3,6-dihydro-2H-thiopyranen en hun S-
oxiden, gebruikmakend van Lipase PS, was niet succesvol. Een 3,6-diacetoxy-
dihydrothiopyran werd op een regioselectieve wijze mono-gedeacetyleerd op de 6-positie. 
Het gevormde produkt onderging echter een in situ cylclisatie tot een thiëtaan. Eenzelfde 
resulaat werd verkregen door het dihydrothiopyran te behandelen met een verdunde 
zoutzuuroplossing (schema 13). 
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 Vervolgens werd de dihydroxylering van de dubbele binding van 3,6-dihydro-2H-
thiopyranen met osmiumtetraoxide bestudeerd. De stoichiometrische versie van de reactie 
leidde op een chemoselectieve wijze tot de vorming van een diastereomeer mengsel van syn 
en anti cyclische diolen in een matige opbrengst en een bescheiden diastereoselectiviteit 
(schema 14). 
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Schema 14 
 
De hoge toxiciteit en prijs van osmiumtetraoxide maakt de methode echter nogal 
onaantrekkelijk voor gebruik in een synthethisch proces (op grote schaal). Daarom biedt een 
katalytisch proces, gebruikmakend van of Yamamoto’s, of asymmetrische Sharpless’ 
condities, een aantrekkelijk alternatief. Door uit te gaan van 2-methoxycarbonyl-3,6-
dihydro-2H-thiopyranen werd opnieuw een diastereomeer mengsel van cyclische diolen 
verkregen. De isomeer met de 2-methoxycarbonyl substituent in syn-positie ten opzichte van 
beide hydroxygroepen onderging echter een in situ intramoleculaire verestering, leidend tot 
een bicyclisch lacton (zie schema 15). 
 
Wanneer asymmetrische dihydroxyleringscondities werden toegepast, werden lage enantio-
selectiviteiten verkregen. De lactoniseringsreactie kon worden vermeden door uit te gaan van 
2-hydroxymethyl-3,6-dihydro-2H-thiopyranen. In deze gevallen werden de overeenkomstige 
gedihydroxyleerde heterocycli echter in lagere opbrengsten verkregen. De 2-hydroxymethyl-
3,6-dihydro-2H-thiopyran substraten werden in een matige tot goede opbrengst verkregen 
door de overeenkomstige 2-methoxycarbonyl cyclische sulfiden of sulfoxiden te reduceren 
met lithiumaluminiumhydride (C). De reductie van zowel de 2-methoxycarbonyl cyclische 
diolen, als de bicyclische lactonen, verliep voorspoedig (schema 15). 
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 De verschillende reductie- (A en C) en dihydroxyleringssequenties leidden uiteindelijk tot de 
synthese van twee diastereomere paren van dideoxythiohexosen (schema 15). De 3-staps 
route, bestaande uit een selectieve deoxygenering met natriumjodide en trifluorazijnzuur-
anhydride (A), katalytische dihydroxylering van 2-methoxycarbonyl-3,6-dihydro-2H-
thiopyranen (B) en ontscherming/reductie van de estergroep (C) bleek de meest gunstige te 
zijn.  
 
Functionalisering van de dubbele binding van 3,6-dihydro-2H-thiopyranen en hun S-oxiden 
door middel van een expoxidatiereactie, bleek, ondanks dat verschillende epoxiderende 
reagentia werden toegepast, niet succesvol te zijn. In alle gevallen leidde dit tot oxidatie van 
het zwavelatoom en werden 3,6-dihydro-2H-thiopyran-S,S-dioxiden gevormd. Deze cyclische 
sulfonen bleken inert te zijn voor verdere oxidatie van de olefinische band (schema 16). Deze 
inreactiviteit werd toegeschreven aan het zogenaamde 'supra-annular effect'. 
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Schema 16 
 
Samengevat heeft het werk beschreven in dit proefschrift de kennis van de synthese en 
reactiviteit van α-oxo-sulfinen vergroot en de synthetische veelzijdigheid van 3,6-dihydro-
2H-thiopyranen en hun S-oxiden, afgeleid van α-oxo-sulfinen, duidelijk aangetoond. 
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